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12 - D a y  22 .  The organism is  s p re a d in g  i n t o  th e  178
o u t e r  t h i n  albumen
13 -  Day 36 .  The whole  egg is  f l u o r e s c e n t  179
14 -  Day 4 4 .  Complete breakdown o f  th e  egg 179
s t r u c t u r e  and t h e  v i t e l l i n e  membrane has 
r u p t u r e d
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SUMMARY
T h is  s tu d y  i d e n t i f i e d  in  g r e a t e r  d e t a i l  t h e  e v en ts  
f o l l o w i n g  b a c t e r i a l  c o n t a m in a t io n  o f  th e  s h e l l  membranes o r  
albumen o f  t h e  h e n ’ s egg. The course  o f  s a lm o n e l la  
i n f e c t i o n  o f  whole  eggs was t h e  same as t h a t  in  eggs 
i n f e c t e d  w i t h  r o t  p rod uc ing  b a c t e r i a .  Thus t h e r e  was a lag  
o f  10 -20  days between i n f e c t i o n  o f  whole  eggs and th e  o n se t  
o f  gross c o n ta m in a t io n  o f  t h e  albumen w i t h  s t o r a g e .  The 
r e s u l t s  c o r r o b o r a t e d  e x i s t i n g  e v id e n c e  t h a t  o v o t r a n s f e r r i n  
i s  th e  p r i n c i p a l  member o f  t h e  c h e m ic a l l y  based 
a n t i m i c r o b i a l  d e fence  o f  eggs.  Thus th e  b a c t e r i o s t a t i c  
a c t i o n  o f  albumen a g a i n s t  s a lm o n e l la s  was negated by th e
Qx
a d d i t i o n  o f  Fe in  c o n c e n t r a t i o n s  s u f f i c i e n t  t o  s a t u r a t e  
th e  c h e l a t i n g  p o t e n t i a l  o f  o v o t r a n s f e r r i n . T h is  response  
was a f e a t u r e  o f  c e l l s  t h a t  were p h y s i o l o g i c a l l y  f i t  a t  th e  
t im e  o f  i n o c u l a t i o n  o f  albumen as w e l l  as those  s u b je c te d  to  
te m p e ra tu r e  o r  pH s t r e s s  b e f o r e  i n o c u l a t i o n .
I t  was shown t h a t  s a lm o n e l l a s  p r e s e n t  in  an e x c is e d  
in n e r  a i r  c e l l  membrane suspended in  albumen a lo n e  remained  
q u ie s c e n t ,  bu t  a p r o p o r t i o n  remained m o t i l e  u n t i l  the  
c h e l a t i n g  p o t e n t i a l  o f  o v o t r a n s f e r r i n  was quenched w i th
Qx
Fe . W ith  i n f e c t e d  membranes suspended in  broken ou t  whole  
eggs, th e  q u ie s c e n t  s t a t e  p e r s i s t e d  u n t i l  organisms made 
c o n t a c t  w i t h  th e  y o l k .  These s t u d i e s  p ro v id e d  f o r  th e  f i r s t  
t im e  e v id e n c e  t h a t  chem otax is  p la y s  a r o l e  in  th e  movement 
o f  b a c t e r i a  f rom th e  i n i t i a l  s i t e  o f  i n f e c t i o n  t o  th e  y o lk  
s u r f a c e .  Pseudomonas p u t i d a  was used t o  s tudy t h i s  
phenomenon in  g r e a t e r  d e t a i l  because th e  p r o d u c t io n  o f  a 
f l u o r e s c e n t  p igment o c c u rre d  o n ly  when th e  c e l l s  were
a c t i v e l y  m u l t i p l y i n g .  I t  was dem onstra ted  t h a t  growth and 
f lu o r e s c e n c e  p r o d u c t io n  was i n i t i a t e d  by con tam inan ts  t h a t  
had m ig ra te d  t o  t h e  s u r f a c e  o f  t h e  y o l k .  T h e r e a f t e r  t h e r e  
was a p r o g r e s s iv e  outward movement o f  f l u o r e s c e n t  pigment  
u n t i l  e v e n t u a l l y  a l l  o f  th e  albumen f l u o r e s c e d .  T h is  phase 
o f  th e  s tudy p ro v id e d  f o r  th e  f i r s t  t im e  c o m p e l l in g  e v id e n c e  
t h a t  th e  v i s c o s i t y  o f  t h e  a lbuminous sac p ro v id e d  a p h y s ic a l  
c o n s t r a i n t  to  th e  movement o f  b a c t e r i a l  con ta m in a n ts  o f  th e  
albumen both tow ards  and away f rom  th e  y o l k .
INTRODUCTION
There  i s  a long h i s t o r y  o f  a s s o c i a t i o n  ( T a b l e  1) 
between p o u l t r y ,  eggs, v a r i o u s  s e ro ty p e s  o f  S a l m o n e l l a  
and human s a l m o n e l l o s is  (R u b e n s te in ,  Feemster  and Smith  
1 9 4 4 ) .  T h is  f a c t  has been h i g h l i g h t e d  by th e  r e c e n t  
ep is od e s  o f  s a l m o n e l l o s is  in  which S . e n t e r i t i d i s  and 
o t h e r  s e ro ty p e s  have been a s s o c ia te d  w i t h  th e  consumption  
o f  p ro d u c ts  c o n t a i n i n g  raw s h e l l  eggs ( T a b l e  1 ) ,  
p a r t i c u l a r l y  homemade mayonnaise ( P e r a l e s  and Audicana  
1989, P e r a l e s  and G a r c ia  1 9 9 0 ) ,  ic e -c re a m  and shop-bought  
sandwiches c o n t a i n i n g  mayonnaise (Cowden e t  a l . 1 9 8 9 ) .  
Indeed t h e  p a s t  f i v e  y e a rs  have seen a d r a m a t ic  in c r e a s e  
in  t h e  number o f  o u tb re a k s  o f  food p o is o n in g  a t t r i b u t a b l e  
t o  t h i s  o rgan ism . A World H e a l t h  O r g a n i z a t i o n  
s u r v e i l l a n c e  r e p o r t  noted a median in c r e a s e  o f  126% in  24 
o f  th e  35 c o u n t r i e s ,  in c l u d i n g  e i g h t  European ones,  
s t u d i e d  between 1979 and 1987 (R o d r ig u e ,  Tauxe and Rowe 
1 9 9 0 ) .  T h is  t r e n d  was e v i d e n t  in  England and Wales a ls o  
(Cowden e t  a l .  1 9 8 9 ) .  There  were 1 4 ,0 0 0  cases o f  
S . e n t e r i t i d i s  in  1988, t w o - t h i r d s  o f  which were due to  
Phage Type 4 ( F i g u r e  1 ) .  T h is  s e ro ty p e  may w e l l  have 
a f f e c t e d  up t o  2 m i l l i o n  peop le  in  th e  U n i te d  Kingdom 
(Sharp  1 9 8 9 ) .  In  a 2 - y e a r  p e r io d  b e fo r e  1988 t h i s  
organism had been a s s o c ia te d  m a in ly  w i t h  h o l i d a y  makers 
r e t u r n i n g  from s outh ern  European c o u n t r i e s  (Sharp  1 9 8 9 ) .  
P re v io u s  t o  th e  c u r r e n t  o u tb r e a k s ,  S . e n t e r i t i d i s  had been 
a s s o c ia t e d  w i t h  s a lm o n e l l o s is  due t o  t h e  consumption o f  
duck eggs (W i ls o n  1 9 4 8 ) .  The n o r t h - e a s t e r n  U n i te d  S ta te s  
w itn e s s e d  a 6 - f o l d  in c r e a s e  in  th e  number o f  cases o f
2human s a l m o n e l l o s i s  caused by o t h e r  phage ty p e s  -  PT 8 
and PT 13a -  o f  S . e n t e r i t i d i s  between 1976 and 1986. A 
t o t a l  o f  2119 cases and 11 d ea ths  were reco rd ed  between 
January  1985 -  May 1987. Seventy  seven p e r c e n t  o f  th e s e  
o u tb re a k s  were t r a c e d  t o  Grade A s h e l l  eggs o r  foods made 
from such eggs ( S t  Louis  e t  a 7. 1 9 8 8 ) .  B e fo re  1976 
S . e n t e r i t i d i s  accounted f o r  o n ly  6% o f  food p o is o n in g  
o u tb re a k s  i n  t h e  USA (Madden 1 9 9 0 ) .
A l though t h e r e  i s  a long h i s t o r y  o f  eggs be ing  
i m p l i c a t e d  in  human s a l m o n e l l o s is  ( S c o t t  1 9 3 0 ) ,  th e  
l i t e r a t u r e  does n o t  i d e n t i f y  p r e c i s e l y  t h e  i n f e c t i o n  
r o u t e ( s )  o f  eggs.  Some c o n s id e r  t h a t  S a l m o n e l l a  a r e  
t r a n s p o r t e d  t o  th e  y o lk  w h i l s t  i t  i s  b e in g  formed in  th e  
o v a ry  ( R e t t g e r  1 9 1 4 ) .  O th ers  f a v o u r  t h e  v ie w  t h a t  
i n f e c t i o n  occurs  a f t e r  l a y i n g  v i a  t h e  pores  in  th e  egg 
s h e l l  (S to k e s ,  Osborne and Bayne 1 9 5 6 ) .  Indeed  th e  
l a t t e r  c o n t e n t i o n  led  t o  t h e  b e l i e f  t h a t  an e g g ’ s 
s u s c e p t i b i l i t y  t o  i n f e c t i o n  p o s t  o v i p o s i t i o n  was l i n k e d  
t o  s h e l l  p o r o s i t y .  T h is  a t t r i b u t e  had a nebulous  
d e f i n i t i o n  u n t i l  t h e  c l a s s i c  s t u d i e s  o f  Rahn and h i s  
c o l l a b o r a t o r s  ( 1 9 7 9 )  who d e s c r ib e d  p o r o s i t y  in  i t s  s t r i c t  
b i o l o g i c a l  c o n t e x t ,  namely t h e  s h e l l ’ s p o t e n t i a l  f o r  th e  
d i f f u s i o n  o f  r e s p i r a t o r y  gases.  L a t e r  s t u d i e s  (Humphrey 
e t  a l .  1991)  have p rov id ed  e v id e n c e  t h a t  o v id u c a l  
i n f e c t i o n  i s  p ro b ab ly  th e  main r o u te  o f  egg 
c o n ta m in a t io n ,  w i t h  s a lm o n e l la s  lodged m a in ly  in  th e  
albumen. The causes o f  o v id u c t  i n f e c t i o n ,  however, have 
no t  been d e te rm in e d .  In  p r a c t i c e  th e  i n f e c t i o n  o f  th e  
albumen and perhaps a ls o  th e  s h e l l  membranes r a t h e r  than
3the  y o lk  means t h a t  th e  b e h a v io u r  o f  S a l m o n e l l a  in  eggs 
i n f e c t e d  o v i d u c a l l y  may w e l l  mimic t h a t  o f  s p o i l a g e  
organisms which i n f e c t  eggs v i a  th e  pores in  t h e  s h e l l .  
The l a t t e r  t o p i c  has been i n v e s t i g a t e d  o v e r  t h e  p a s t  100 
ye ars  (H a in e s  1939, Board and F u l l e r  1 9 7 4 ) .  Indeed C la y  
and Board ( 1 9 9 1 )  p re s e n te d  e v id e n c e  in  s u p p o r t  o f  t h i s  
c o n t e n t i o n  and c i r c u m s t a n t i a l  e v id e n c e  t h a t  t h e  i n i t i a l  
s a lm o n e l l a  c o n ta m in a n ts  o f  th e  albumen remained q u ie s c e n t  
u n t i l  some e v e n t ,  p r o b a b ly  c o n t a c t  w i t h  t h e  y o l k ,  induced  
grow th .  Thus, t h e  l i t e r a t u r e  on th e  a d d l in g  o f  eggs 
(H a in e s  1939)  and th e  s tudy  by C la y  and Board (1 9 9 1 )  
le a v e  th e  im pre s s ion  t h a t  th e  conta m ina nts  o f  t h e  albumen 
a r e  p a s s iv e  a t  t h e  o u t s e t  o f  th e  process l e a d i n g  t o  a 
g e n e r a l i z e d  i n f e c t i o n  o f  an e g g ’ s c o n t e n t s .  Those t h a t  
i n i t i a t e  t h e  l a t t e r  do so by chance c o n t a c t  w i t h  th e  
y o l k .  R e c e n t ly  Humphrey (1 9 9 1 )  contended t h a t  changes in  
th e  chem ica l  c o m pos i t ion  o f  th e  albumen p l a y  a p a r t  in  
t r i g g e r i n g  t h e  growth o f  c o n ta m in a n ts .  The p r e s e n t  s tudy  
sought t o  r e c o n c i l e  th e s e  c o n t e n t io u s  v iews on th e  e v en ts  
l e a d i n g  t o  g e n e r a l i z e d  i n f e c t i o n  o f  th e  h e n ’ s egg w i th  
s a lm o n e l l a s .  I n  p r a c t i c e  answers t o  th e  f o l l o w i n g  
q u e s t io n s  were sought .  ( 1 ) .  What f a c t o r s  i n f l u e n c e  th e  
b e h a v io u r  o f  S . e n t e r i t i d i s  and o t h e r  s e r o t y p e s  in  albumen 
in v i t r o  ? - ( 2 ) .  Do s o m n ic e l l s  behave in  t h e  same manner 
as young c e l l s  o f  S . e n t e r i t i d i s  in  albumen ? ( 3 ) .  Does
chem otax is  p la y  a r o l e  in  th e  e v e n ts  c u l m i n a t i n g  in  
g e n e r a l i z e d  egg i n f e c t i o n  ?
4T a b le  1. Egg p ro d u c ts  i m p l i c a t e d  in  s a lm o n e l l o s i s
Food Source S a l m o n e l 7a 
s e r o ty p e
R eference
Mayonnai se e n t e r i t i d i s  
ty ph i mu r i um
Cowden e t  a 7. ( 1989)  
T e lz a k  e t  a 7. ( 1 9 9 0 )  
North  & Gorman (1 9 9 0 )  
M i t c h e l l  e t  a 7 . ( 1 9 8 9 )  
Stevens e t  a7. (1 9 8 9 )  
G r e e n b l a t t  e t  a 7 . ( 1 9 4 6 )
Hoi 1andai se 
Sauce
e n t e r i t i d i s Guzewich (1 9 8 8 )
St  Louis  e t  a 7. ( 1988)  
Stevens e t  a 7. (1 9 8 8 )  
M o r r is  (1 9 9 0 )
Mishu e t  a l . ( 1 9 9 1 )
Egg Nog 
Egg Whip
e n t e r i t i d i s  
typhimuriurn  
thompson
Guzewich (1 9 8 8 )
Anon ( 1 9 8 7 )
St  Louis  e t  a l .  ( 1 9 8 8 )  
P h i lb r o o k  e t  a l .  ( 1 9 6 0 )  
Ager e t  a l .  ( 1 9 6 7 )  
S t e e re  e t  a l . ( 1 9 7 5 )  
Knowles (1 9 7 1 )
Broomhead & Mann (1 9 5 9 )
Mousse e n t e r i t i d i s Anon ( 1 9 8 8 )
Mawer e t  a l .  ( 1 9 8 9 )
Egg Salad  
Caesar  Sa lad  
Sandwiches
mont ev ide o  
e n t e r i t i d i s  
e n t e r i t i d i s
Watt  (1 9 4 5 )
Anon ( 1 9 8 7 )
Perez e t  a l .  ( 1 9 8 6 )  
Anon (1 9 8 7 )
Guzewich (1 9 8 8 )
St  Louis  e t  a l .  ( 1 9 8 8 )  
M o r r is  (1 9 9 0 )
Coyle  e t  a l .  ( 1 9 8 8 )
R ic e  B a l l s
Scotch Eggs 
Savoury Quiche
e n t e r i t i d i s
e n t e r i t i d i s  
t yph i mu r i um
Anon ( 1 9 8 8 )
Guzewich (1 9 8 8 )
St  Louis  e t  a l .  ( 1 9 8 8 )  
Coyle  e t  a l .  ( 1 9 8 8 )  
Anon (1 9 8 7 )
Eggs:Scrambled
F r ie d
O m e le t te s
d er b y
e n t e r i t i d i s
e n t e r i t i d i s
e n t e r i t i d i s
Ager e t  a l .  ( 1 9 6 7 )
Anon ( 1 9 8 7 )
L in  e t  a 7. ( 1 988)
Anon ( 1 9 8 8 )
Guzewich (1 9 8 8 )
St  Louis  e t  a l .  ( 1 9 8 8 )  
Coyle  e t  a l .  ( 1 9 8 8 )  
M o r r is  (1 9 9 0 )
Pasta e n t e r i t i d i s Anon (1 9 8 7 )
Guzewich (1 9 8 8 )
S t  Louis  e t  a l . ( 1 9 8 8 )
I c e  Cream e n t e r i t i d i s
ty ph i mu r i um  
t y ph i mu r i ur n /  
br an de r up
Anon (1 9 8 8 )
C oy le  e t  a l .  ( 1 9 8 8 )  
Cowden e t  a l .  ( 1 9 8 9 )  
Palmer & C oy le  ( 1 9 8 9 )  
Gunn & M arkaKis  (1 9 7 8 )
Armstrong e t  a 7 . (  1970)
Meringue typhimuriurn  
h e i d e l  berg
Anon (1 9 8 7 )
Ager e t  a l .  ( 1 9 6 7 )
Cakes
Cake F i l l i n g
p a r a t y p h i  B 
thompson
typh i mu r i um
e n t e r i t i d i s
h e i d e l b e r g  
e n t e r i t i d i s
Knowles (1 9 7 1 )
Knowles (1 9 7 1 )
Bowmer (1 9 6 5 )
Chapman e t  a l .  ( 1 9 8 8 )  
Anon (1 9 8 7 )
Cowden e t  a l . ( 1 9 8 9 )  
M o r r is  (1 9 9 0 )
Bowmer (1 9 6 5 )
S t  Louis  e t  a l .  ( 1 9 8 8 )
C u s ta r d ,  T r i f l e  
Cream
C o n f e c t io n e r y
thompson 
ty ph i mu r i um  
p a r a t y p h i  B 
o r a n i e n b e r g  
i n f a n t  i s  
scwarzengr und  
e n t e r i t i d i s  
o r  7 on 
thompson 
t yph i mu r i um
Anderson e t  a 7. (1 9 3 5 )  
Harvey & P r i c e  (1 9 6 1 )  
Newell  e t  a l . ( 1 9 5 5 )
Knowles (1 9 7 1 )
M i l k  D r in k s  
T a p io c a  Pudding
e n t e r i t i d i s  
h e i d e 7be rg
Cowden e t  a l .  ( 1 9 8 9 )  
Ager e t  a l .  ( 1 9 6 7 )
Figure 1 Cases of Salmon  food
poisoning in England and Wales
1981-1991
—  S .e n t' PT 4
■ + -  S .e n t' o th e r  P T ’s
G— T o ta l S a lm o n e lla e





81 82 83 84 85 86 87 88 89 90 91
YEAR
S .e n t ' =  S a lm o n e lla  e n te r i t id is  
Reprinted with perm iss ion  of PHLS CD
LITERATURE REVIEW
The mode o f  b a c t e r i a l  i n f e c t i o n  o f  th e  h e n ’ s egg 
a t t r a c t e d  renewed a t t e n t i o n  once th e  egg was i m p l ic a t e d  
in  t h e  t r a n s m i s s i o n  o f  S . e n t e r i t i d i s  t o  man in  t h e  r e c e n t  
o u tb re a k s .  I n f e c t i o n  o f  th e  l a y i n g  hen -  and hence eggs 
-  may be t h e  consequence o f  h o r i z o n t a l  o r  v e r t i c a l  
t r a n s m i s s i o n .  The fo r m e r  w i l l  be c o n s id e re d  in  th e  f i r s t  
in s t a n c e .  I n  t h i s  case  t r a n s f e r  o f  s a lm o n e l la s  occurs  
from b i r d - t o - b i r d ,  m a n - t o - b i r d ,  f e e d - t o - b i r d  o r  
e n v i r o n m e n t - t o - b i r d  (Madden 1 9 9 0 ) .  Thus s a l m o n e l l a - f r e e  
b i r d s  may become i n f e c t e d  by c o n t a c t  w i t h  any i n f e c t e d  
source in  t h e  e n v i r o n m e n t .  S tu d ie s  o f  t h i s  a s p e c t  w i t h  
one-day  o l d  c h ic k s  i n o c u l a t e d  o r a l l y  ( W i l l i a m s  Smith and 
Tucker  1980)  showed t h a t  t h e  p e r c e n ta g e  o f  c h ickens  
i n f e c t e d  was dependent  upon t h e  organisms t o  which th e y  
were exposed.  Thus, 68% o f  b i r d s  became i n f e c t e d  on 
exposure t o  S.menston;  48% t o  S.agona;  32% to  
S. typh i mu r i um  PT 36; 28% t o  S . e n t e r i t i d i s ; and 12% t o  
S . s e n f t e n b e r g .
The e x t e n s i v e  r e v ie w  by W i l l i a m s  (1 9 8 1 )  o f  a v e ry  
l a r g e  number o f  s t u d i e s  le a v e s  l i t t l e  doubt t h a t  fe e d  is  
th e  p r i n c i p a l  source  o f  S a l m o n e l l a  c o n ta m in a t io n  in  
h o r i z o n t a l  t r a n s m i s s i o n  in  hens. T h is  c o n t e n t i o n  
r e c e iv e d  s u p p o r t  from t h e  r e c e n t  work o f  Jones e t  a l .  
(1 9 9 1 )  who c o l l e c t e d  m a t e r i a l  from fe e d  m i l l s  and 
b r o i 1e r / m u l t i p i i e r  houses in  t h e  USA. They found t h a t  
20.8% o f  fe e d  samples were c ontam ina ted  w i t h  v a r io u s  
s e r o ty p e s  o f  S a l m o n e l l a .  The i n d i v i d u a l  i n g r e d i e n t s  o f  
th e  fe e d  samples were c o n ta m in a te d  a t  th e  f o l l o w i n g
r a t e s :  bone meal ,  60%; p o u l t r y  m eal ,  40%; f i s h  meal ,  33%, 
and o t h e r  i n g r e d i e n t s ,  20 .8%. S a l m o n e l l a  typhi mur i um was 
i s o l a t e d  most f r e q u e n t l y ,  bu t  22 o t h e r  s e ro ty p e s  
in c l u d i n g  S.agona,  S .anatum,  S . h a d a r , S. i n f a n t i s  and 
S. thompson  were i s o l a t e d  a l s o .  S i m i l a r  in c id e n c e s  o f  
s a lm o n e l la  c o n ta m in a t io n  o f  bone meal were noted  by 
M o r r is  e t  a l .  ( 1 9 6 9 ) .  I n  h a t c h e r i e s ,  9.6% o f  t h e  y o lk  
sacs from one-day  o l d  c h ic k s  were i n f e c t e d  w i t h  
S. t y ph i m ur i um .  As t h i s  organism  was th e  commonest 
co n ta m in a n t  o f  f e e d ,  i t  was p r o b a b le  t h a t  t h e  l a t t e r  was 
th e  source  o f  c o n ta m in a t io n  a t  t h e  b r o i l e r / m u l t i p l i e r  
fa rm .  S a l m o n e l l a  e n t e r i t i d i s  was no t  found a t  th e  fe e d  
m i l l ,  t h e  h a tc h e r y  o r  in  t h e  m u l t i p l i e r  houses (Jones e t  
a l .  1 9 9 1 ) .  A Canadian s tu d y  i s o l a t e d  s a lm o n e l la s  from  
13.4% o f  t h e  samples o f  f e e d  s u p p l ie d  t o  300 f l o c k s .  The 
same s e r o ty p e s  were i s o l a t e d  s u b s e q u e n t ly  from w a te r  and 
l i t t e r  t a k e n  f rom th e  p o u l t r y  houses (Poppe e t  a l . 1 9 9 1 ) .  
S a l m o n e l l a  h a d a r was i s o l a t e d  most f r e q u e n t l y .
S a l m o n e l l a  e n t e r i t i d i s  was i s o l a t e d  from o n ly  3.1% o f  
f l o c k s  and never  from f e e d .
The i n c r e a s in g  number o f  o u tb re a k s  o f  s a lm o n e l l o s is  
in  humans le d  t o  th e  e x a m in a t io n  o f  o v a r i e s  ( 3 , 6 0 0 )  and 
i n t e s t i n e s  ( 1 , 2 0 0 )  f rom 14 American commercial  f l o c k s .
The c a u s a t i v e  organ ism ,  S . e n t e r i t i d i s , was no t  i s o l a t e d  
(B a k e r ,  G o f f  and Timoney 1 9 8 0 ) .  B a r n h a r t  e t  a l . (1 9 9 1 )  
c o l l e c t e d  o v a r i e s  from 42 commercia l l a y e r  f l o c k s  a t  
s l a u g h t e r .  S e v e n t y - s i x  p e r c e n t  o f  th e  f l o c k s  were  
i n f e c t e d  -at a r a t e  o f  >10%, w i t h  S . h e i d e l b e r g  being the  
predom inant  s e ro ty p e  ( 5 6 . 5 % ) .  S a l m o n e l 1 a e n t e r i t i d i s  PT
23 was re co vered  f rom one f l o c k  o n ly .  I t  was noted ,  
however, t h a t  6 o f  th e  10 s e ro ty p e s  from human and non­
human sources  most f r e q u e n t l y  r e p o r te d  by th e  CDC were 
d e t e c t e d  in  th e  o v a r i e s  in c lu d e d  in  t h i s  s tu d y .  In  a 
s i m i l a r  s tudy  by Jones e t  a l . (1991 ) ,  69 o u t  o f  a t o t a l  
o f  101 o v a r i e s  o b ta in e d  from a b reeder  f l o c k  c o n ta in e d
S . t y p h i m u r i u m .  F o l lo w in g  a s a lm o n e l la  o u tb re a k  in  a New 
York h o s p i t a l ,  an e x a m in a t io n  o f  555 h e n s ’ o v a r i e s  
r e v e a le d  t h a t  69% harboured  s a lm o n e l la s .  I t  was noted ,  
however, t h a t  c o n ta m in a t io n  o c c u r r in g  a t  th e  process ing  
p l a n t  may have been r e s p o n s ib le  f o r  t h i s  heavy in c id e n c e  
o f  i n f e c t i o n  (Benson and Eckroade 1 9 9 1 ) .  S a l m o n e l l a  
e n t e r i t i d i s  PT 4 has been found t o  be a common 
c o n ta m in a n t  o f  p o u l t r y  in  England and Wales ,  p a r t i c u l a r l y  
o f  th e  o v a r i e s  and o v i d u c t  (Anon 1 9 8 9 ) .
S a l m o n e l l a  e n t e r i t i d i s  i s  an i n v a s iv e  s t r a i n  capable  
o f  in v a d in g  th e  d i g e s t i v e  system and b lood s tream  o f  th e  
b i r d  (H in to n  e t  a l .  1 9 8 9 ) .  S a l m o n e l l a  e n t e r i t i d i s  PT 4 
has been shown t o  be more in v a s iv e  f o r  young c h ic k s  than  
PTs 7, 8 and 13a when in c lu d e d  in  f e e d .  Phage ty pe  4 was 
i s o l a t e d  from 96% o f  c a e c a l  c o n te n ts  and 27-100% o f  
l i v e r s  in  i n f e c t e d  b i r d s  ( H in t o n ,  T h r e l f a l l  and Rowe
1 9 9 0 ) .  S i m i l a r  s t u d i e s  by Barrow (1 9 9 1 )  showed t h a t
S . e n t e r i t i d i s  PT 4 ,  6 and 8 were more v i r u l e n t  than PT 
13a ( a  UK i s o l a t e )  f o r  newly hatched c h ic k s  i n f e c t e d  
o r a l l y .  I t  was noted a l s o  t h a t  PT 4 and 6 were i s o l a t e d  
f rom th e  sp leen  12 hours p o s t - i n o c u l a t i o n ;  PT ’ s 8 and 13a 
were n o t .  A f t e r  24 hours th e  numbers o f  PT 4 i s o l a t e d  
f rom th e  sp leen  were 10 t im e s  those o f  PT 13a. These
s t u d i e s  p r o v id e  ample e v id e n c e  o f  a l i n k  between th e  
c a r r i a g e  o f  s a lm o n e l la s  by la y in g  b i r d s  and t h e i r  
o c c u rre n c e  in  human d is e a s e .
Should a l a y i n g  hen become a c a r r i e r  o f  s a lm o n e l la s ,  
t h e r e  a re  3 p o s s ib le  ro u te s  o f  egg i n f e c t i o n :  
t r a n s o v a r i a n ,  o v id u c a l  o r  t r a n s - s h e l l  (Duguid  and N orth
1 9 9 1 ) .  The f i r s t  2 o f  th e s e  would be o f  immediate  
im portance  in  v e r t i c a l  t r a n s m is s io n .
T r a n s o v a r ia n  i n f e c t i o n  o f  th e  egg
A c h ic k  hatched from a con tam ina ted  egg may harbour  
S a l m o n e l l a  in  i t s  i n t e r n a l  organs f o r  1 2 -18  months (Anon 
1 9 7 3 ) .  The organism may be e x c r e te d  i n t e r m i t t e n t l y  in  
th e  fa e c e s  o r  in  eggs once a fe m a le  reaches sexual
m a t u r i t y .  T h is  could  cause th e  c y c le  o f  i n f e c t i o n  to  be
c o n t in u e d  from one g e n e r a t io n  to  the  n e x t  (Anon 1 9 7 3 ) .
Dur ing  an e g g ’ s fo r m a t io n  th e  y o lk  may become 
i n f e c t e d  w h i l s t  s t i l l  a t t a c h e d  t o  th e  o v a ry  (Duguid and 
N orth  1 9 9 1 ) .  The y o lk  components a re  s y n th e s iz e d  in  th e  
l i v e r  and t r a n s p o r t e d  v i a  th e  blood t o  th e  f o l l i c u l a r  
w a l l s  o f  the  ovary  where th e  oocyte  d e v e lo p s .  Two s ta ge s  
a r e  r e c o g n is e d ,  an i n i t i a l  slow s ta g e  l a s t i n g  60 days,  
and a r a p id  one d u r in g  which most o f  th e  y o lk  is  
d e p o s i te d .  The l a t t e r  c o n t in u e s  u n t i l  24 hours b e fo r e  an 
ovum is  re le a s e d  i n t o  th e  o v i d u c t .  In  p r a c t i c e ,  
t h e r e f o r e ,  t h e r e  i s  a long t im e  span d u r in g  which th e
y o lk  could  become i n f e c t e d  w i t h  s a lm o n e l l a s .
O’ B r ie n  (1 9 9 0 )  reco ve re d  S . e n t e r i t i d i s  PT 4 from  
th e  y o lk  sacs o f  c h ic k e n s  hatched from th e  eggs o f
i n f e c t e d  g r a n d p a r e n t  s to c k .  The same phage ty p e  was 
i s o l a t e d  from th e  progeny o f  12 d i f f e r e n t  p a r e n t  f l o c k s  
owned by 3 s e p a r a t e  o r g a n i z a t i o n s .  T h is  i n d i c a t e d  
w idespread t r a n s m i s s i o n  by th e  g ra n d p a re n ts  w i t h  p o s s ib le  
t r a n s o v a r i a n  i n f e c t i o n  be ing th e  r o o t  cause.  As such 
t r a n s f e r  occurs  w i t h o u t  th e  b i r d  showing symptoms ( T a y l o r  
1 9 6 9 ) ,  i t  i s  d i f f i c u l t  t o  d e t e c t  r o u t i n e l y .  Indeed  
B a rn h a r t  e t  a7 .  ( 1 9 9 1 )  dem onstra ted t h a t  b i r d s  w i t h  
i n f e c t e d  o v a r i e s  remained normal w i t h  regard  t o  
b e h a v io u r ,  egg p r o d u c t io n  and m o r t a l i t y  r a t e s ,  and had no 
l e s io n s  in  t h e i r  v i s c e r a l  o rga ns .  These r e s u l t s  a re  in  
agreement w i t h  thos e  o f  Brown, Ross and Smith ( 1 9 7 6 ) ,  
Hopper and Mawer ( 1 9 8 8 ) ,  Jones e t  a l . ( 1 9 9 1 )  and Sal v a t  
e t  a l .  ( 1 9 9 1 ) .  Indeed th e  l a s t  mentioned h i g h l i g h t e d  th e  
problem o f  b i r d s  which do no t  e x c r e t e  S . e n t e r i t i d i s  but  
harbour  th e  organism in  t i s s u e s  such as th e  s p le e n  and 
o v a r i e s .  I t  i s  th e s e  b i r d s  which a re  p o t e n t i a l l y  th e  
most dangerous w i t h  re g a rd  t o  th e  use o f  t h e i r  eggs, and 
th e  p o s s i b i l i t y  o f  food p o is o n in g  in  man.
H e a v i l y  c o n ta m in a te d  o v a r i e s  may become i n a c t i v a t e d  
in  th e  sense t h a t  y o lk s  f a i l  t o  form ( L i s t e r  1 9 8 8 ) .  
I n f e c t i o n  o f  th e  b i r d  does no t  a lways lead  t o  S a l m o n e l l a  
i n f e c t i o n  o f  th e  o v a r i e s  (Horox 1 9 8 9 ) ,  perhaps because o f  
th e  s e ro ty p e  in v o l v e d .  T h is  was c onf i rm ed  in  a s tudy o f  
p o i n t - o f - l a y  p u l l e t s  i n f e c t e d  o r a l l y  w i t h  S . i n f a n t i s .  
I n f e c t i o n  was produced in  some o f  th e  body t i s s u e s  
i n c l u d i n g  t h e  d i g e s t i v e  system, bu t  no t  the  o v a r i e s  
(Brown, Ross and Smith 1 9 7 6 ) .
S a l m o n e l l a  e n t e r i t i d i s  PT 4 has s u r f a c e  a n t ig e n s  in  
common w i t h  t h e  a v ia n  adapted  S . p u l l o r u m , an organism  
w i d e l y  noted  f o r  i t s  a b i l i t y  t o  cause o v u le  i n f e c t i o n  ( 
Kampelmacher 1963 ,  Snoeyenbos, Smyser and Van Roekel  
1 9 6 9 ) .  The fo r m e r  a l s o  possesses t h e  same v i r u l e n c e  gene 
r e g io n s  as S . t y p h i m u r i u m  (Pohl e t  a l .  1 9 9 1 ) .  These  
f a c t o r s  may account  f o r  t h e  in v a s iv e n e s s  noted  by H in to n  
e t  a l .  ( 1 9 9 0 ) ,  and t h e  s u c e s s fu l  a d a p t a t i o n  t o  and 
e s t a b l i s h m e n t  o f  S . e n t e r i t i d i s  in  B r i t i s h  p o u l t r y  f l o c k s  
(Ram pl ing  e t  a l .  1 9 8 9 ) .  Food and w a t e r  d e p r i v a t i o n  may 
a l s o  i n c r e a s e  t h e  l e v e l  o f  s a lm o n e l l a  c o l o n i z a t i o n  o f  
hens (M ishu e t  a l .  1 9 9 1 ) .  He no ted  t h a t  a f l o c k  
im p l i c a t e d  in  an o u tb r e a k  o f  S . e n t e r i t i d i s  in  man had 
been d e p r iv e d  o f  w a te r  s h o r t l y  b e f o r e  t h e  o u tb re a k  
o c c u r r e d .
The a v a i l a b l e  e v id e n c e  r e l a t i n g  t o  t r a n s o v a r i a n  
i n f e c t i o n  suggests  t h e  f o l l o w i n g .
( 1 ) .  The e s t a b l i s h m e n t  o f  S . e n t e r i t i d i s  i n f e c t i o n  is  
dependent  upon t h e  age o f  t h e  b i r d .  Young c h ic k s  ( 1 - 1 4  
d a y s )  a r e  more s u s c e p t i b l e  t o  i n f e c t i o n  w i t h  S a l m o n e l l a  
th a n  young p u l l e t s  and hens. C h icks  r a p i d l y  become 
r e s i s t a n t  t o  i n f e c t i o n  by food p o is o n in g  s t r a i n s .  For  
example an o r a l  dose o f  S . t y p h i m u r i u m  k i l l e d  79% o f  one-  
day o l d  c h ic k s ,  but  o n ly  3% o f  2 -d a y  o l d  ones ( W i l l i a m s  
Smith and Tucker  1 9 8 0 ) .  Younger b i r d s  (< 20  weeks) a re  
more r e s i s t a n t  t o  i n f e c t i o n  th a n  o l d e r  ones (52  weeks) ,  
and th e y  a re  o f t e n  a b l e  t o  e l i m i n a t e  i n f e c t i o n  by 16-22  
weeks o f  age (Snoeyenbos e t  a l . 1 9 6 9 ) .  O l d e r  b i r d s  may 
be more s u s c e p t i b l e  t o  i n f e c t i o n  because o f  a g e - in d u c e d
changes in  t h e i r  immune systems. Calc ium  d e p l e t i o n  
caused by i n t e n s i v e  l a y i n g  may be a c o n t r i b u t o r y  f a c t o r  
(Humphrey e t  a l .  1 9 9 1 ) .  Low c a lc iu m  l e v e l s  reduce th e  
r a t e  o f  s e c r e t i o n  o f  g o n a d o tro p h in .  T h is  reduces th e  
r a t e  o f  f o l l i c l e  growth  and t h e r e f o r e  th e  r a t e  o f  
o v u l a t i o n  ( T a y l o r  1966)  and may even f a v o u r  b a c t e r i a l  
c o l o n i z a t i o n  o f  t h e  o v i d u c t  by removing p r o t e c t i o n  
c o n f e r r e d  by th e  s e c r e t i o n  o f  albumen. The p r o t e c t i o n  
c o n f e r r e d  on younger b i r d s  by o e s trogen  may a l s o  have a 
b e n e f i c i a l  e f f e c t  (Humphrey e t  a l . 1 9 9 1 ) .  B o ld e r ,  van 
L i t h  and Mulder  ( 1 9 9 1 ) ,  however, s t a t e  t h a t  t h e r e  i s  no 
p h y s i o l o g i c a l  reason t o  account  f o r  d i f f e r e n c e s  in  th e  
s u s c e p t i b i l i t y  o f  hens o f  any age to  S . e n t e r i t i d i s  
i n f e c t i o n .  Small numbers o f  c ontam ina ted  eggs a re  l a i d  
o v e r  a s h o r t  p e r io d  o f  t im e  in  younger b i r d s ,  but  a much 
lo n g e r  t im e  span in  o l d e r  ones (Gast  and Beard 1 9 9 0 ) .
( 2 ) .  An ovary  in  an i n f e c t e d  hen commonly c o n t a in s  many 
normal o v u le s  th e  in c i d e n c e  o f  which i s  much g r e a t e r  than  
t h a t  o f  con ta m ina te d  ones ( R e t t g e r  1914, Hopper and Mawer 
1 9 8 8 ) .
( 3 ) .  S a l m o n e l l a  a r e  p r e s e n t  in  low numbers in  
c o n ta m in a te d  eggs ( R e t t g e r  1914, Hopper and Mawer 1988,  
Humphrey 1991) and, on t h e  m a j o r i t y  o f  o c c a s io n s ,  a re  
i s o l a t e d  from th e  albumen o r  "whole" y o lk  bu t  no t  the  
y o lk  c o n te n ts  ( t h u s  im p ly in g  i n f e c t i o n  o f  t h e  v i t e l l i n e  
membrane -  Humphrey 1991 ,  Benson and Eckroade 1 9 9 1 ) .  
Analogous o b s e r v a t i o n s  were made by B ale  and H in to n
( 1 9 9 1 -u n p u b l is h e d )  who in o c u la t e d  p u l l e t s  e i t h e r  o r a l l y
or  c l o a c a ' l l y  and examined t h e  b i r d s  and eggs f o r  
i n f e c t i o n .  O v a r ie s  and o v id u c t s  were c ontam ina ted  w i th  
S a l m o n e l l a  in  a l l  groups o f  c l o a c a l l y  i n f e c t e d  b i r d s .  
These organs were n o t  found t o  be contam ina ted  in  b i r d s  
i n o c u la t e d  o r a l l y .  The a v a i l a b l e  e v idence  ( T a b l e  2)  
i n d i c a t e s  a v e r y  low f r e q u e n c y  o f  egg c o n ta m in a t io n  
o c c u r r in g  on o r  in  c lo s e  p r o x i m i t y  to  th e  y o lk  (Anon 
1989, Kampelmacher 1 9 6 3 ) .  For example, a s tudy  o f  5 ,7 0 0  
eggs from 15 n a t u r a l l y  i n f e c t e d  f l o c k s  showed t h a t  th e  
c o n t e n ts  o f  0 .6 X  o f  eggs were c ontam ina ted  w i t h  v e ry  low 
numbers (<10  s a l m o n e l l a s / e g g )  o f  S . e n t e r i t i d i s .  I t  was 
deduced t h a t  t h e  m a j o r i t y  o f  eggs harboured th e  organism  
in  th e  albumen and n o t  th e  y o lk  (Humphrey e t  a l .  1 9 9 1 ) .  
T h is  e v id e n c e  s u p p o r ts  t h e  v iew  t h a t  c o n ta m in a t io n  occurs  
most commonly in  t h e  y o l k / v i t e l l i n e  membrane a n d /o r  
albumen w h i l s t  th e  y o lk  i s  descending th e  o v id u c t  (Gast  
and Beard 1 9 9 0 ) .  T h is  e v id e n c e  would lead  one to  
q u e s t io n  th e  emphasis g iv e n  t o  t r a n s o v a r i a n  i n f e c t i o n  in  
hens. In  th e  e v id e n c e  on s a lm o n e l l a  c o n ta m in a t io n  o f  
eggs p re s e n te d  by Humphrey e t  a l .  ( 1 9 9 1 ) ,  i t  was n o ta b le  
t h a t  c o n ta m in a te d  eggs appeared t o  occur in  c l u s t e r s .  
There  was no e v i d e n t  p e r i o d i c i t y  about th e  c l u s t e r i n g  and 
t o  d a te  no adequate  e x p l a n a t i o n  has been o f f e r e d .
I t  i s  te m p t in g  t o  s p e c u la t e  t h a t  i n f e c t i o n  o f  th e  
egg c o n te n ts  may r e s u l t  f rom gross d is t u r b a n c e  o f  th e  hen 
d u r in g  egg f o r m a t i o n  a v iew d iscussed by Mishu e t  a l .  
( 1 9 9 1 ) .  S t r e s s  due t o  " f r i g h t "  in  hens has been l i n k e d  
w i th  c e r t a i n  a b n o r m a l t i e s  o f  eggs. Thus a t  one t im e  i t  
was contended t h a t  v i o l e n t  d is tu r b a n c e  caused damage to
T a b le  2 .  T r a n s o v a r i a n / o v i d u c a l  i n f e c t i o n  o f  t h e  c o n te n ts  o f  
hens eggs
S e ro ty p e  
( d o s e /b i  r d )
R o u te *  No. eggs
contam inated  
( l e v e l  o f  c o n ta m in a t io n )
R efe rence
D e l i b e r a t e  I n f e c t i o n
Ovaryp u l  lorum 
( 6 . 2  x 1 0 )
anatum 
( 7 . 0  x 103 )
Ovary
6 / 1 1
( 0 . 9 - 4 . 6 / g )
0 /9
F o rs y th e  e t  
a l .  ( 1 9 6 7 )
t y p h i m u r i  
( 106- 109 )
um





( 1 0 6 )
e n t e r i t i d i s








e n t e r i t i d i s  13a O ra l  
( 109 ) C o n ta c t  
a t  62w
O ra l  
C o n ta c t  
a t  37w
O ra l  
C o n ta c t  








0 /2 2 6
0 /7 9  
1 . 4 *  
0 /7 9
Albumen ( Y o l k )  
3 8 /7 5  ( 2 3 / 7 5 )  
10 /35  ( 1 2 / 3 5 )
Baker e t  a l . 
(1 9 8 0 )
Cox e t  a l  
(1 9 7 3 )
3 7 /2 6 2  ( 2 5 / 2 6 2 ) > G a s t  & Beard 
8 /6 3  ( 1 1 / 6 3 )  I  ( 1 9 9 0 )
5 0 /3 3 6  ( 5 2 /3 3 6 ) |  
1 0 /6 4  ( 1 0 / 6 4 )
0 /2 8 3
1 /223
0 /2 5 0
( Y o l k )
Humphrey e t  
a 7. (1 9 9 1 )
Albumen ( Y o l k )  
3 /3 1 4  ( 1 1 / 3 1 4 )
6 /221  ( 0 / 2 2 1 )
J
►Shi vaprasad  
e t  a 7. ( 1990)
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N a t u r a l  I n f e c t i o n
e n t e r i t i d i s  
(n s )
1 1 / 11 19
( < i o / g )
Humphrey e t  
a 7. ( 1989)
e n t e r i t i d i s
(n s )
3 2 /5 7 9 0  
( <20/ml )
Humphrey e t  
a l .  ( 1 9 9 1 )
*  , The b i r d s  were in o c u l a t e d  e i t h e r  d i r e c t l y  i n t o  th e
o v a r y ,  o r a l l y  o r  by c o n t a c t  w i t h  o t h e r  b i r d s  a l r e a d y
i n f e c t e d  w i t h  th e  organ ism .
w , The b i r d s  were in o c u l a t e d  a t  "w" weeks o f  age.
ns, dose n o t  s t a t e d  o r  unknown
/
th e  o v i d u c t  and th e  i n c l u s i o n  o f  blood s po ts  in  egg 
c o n t e n t s .  J e f f r e y  and P ino ( 1 9 4 3 ) ,  however, noted no 
in c r e a s e  in  th e  number o r  in c id e n c e  o f  b lood spots  a f t e r  
expos ing  a l a y in g  f l o c k  t o  f r e q u e n t  d i s r u p t i o n .  Blood  
s p o ts  may, however, s t i l l  be taken  as e v id e n c e  f o r  th e  
presence  o f  con ta m ina te d  m a t e r i a l  be ing in c lu d e d  in  th e  
egg d u r in g  f o r m a t i o n .  Those who have noted i n t e r m i t t e n t  
c o n ta m in a t io n  o f  eggs w i t h  s a lm o n e l la  d id  n o t  re co rd  a 
high  in c id e n c e  o f  b lood s pots  in  such eggs. “C a lc iu m -  
sp lashed"  eggs p r o v id e s  a n o th e r  example o f  an egg f a u l t  
caused by d i s t u r b a n c e .  The c h a lk y  t e x t u r e  o f  th e  c u t i c l e  
o f  a f f e c t e d  eggs i s  c o n s id e re d  to  r e s u l t  f rom an egg 
be ing  r e t a i n e d  f o r  an unusual le n g th  o f  t im e  in  th e  s h e l l  
g la n d ,  p ro b ab ly  as th e  r e s u l t  o f  p h y s i o l o g i c a l  s t r e s s  o r  
v i o l e n t  d is tu r b a n c e  in  t h e  la y in g  house (Hughes and 
G i l b e r t  1 9 8 4 ) .  As t h e r e  i s  t e n t a t i v e  e v id e n c e  t h a t  
s t r e s s  and o v id u c a l  m a l f u n c t io n  may w e l l  p l a y  a r o l e  in  
s a lm o n e l la  i n f e c t i o n  o f  eggs, t h i s  a s p e c t  ought t o  be 
c o n s id e re d  in  schemes in te n d e d  to  a m e l i o r a t e  th e  c u r r e n t  
problem o f  egg r e l a t e d  s a l m o n e l l o s is  in  humans.
I t  i s  q u i t e  re m a rk ab le  t h a t  th e  contem porary  
l i t e r a t u r e  on S . e n t e r i t i d i s  and hens ’ eggs r a r e l y  i f  e v e r  
makes r e fe r e n c e  t o  S . h a d a r  and tu r k e y  eggs. In  p r a c t i c e  
t u r k e y  f l o c k s  o f  one p a r t i c u l a r  B r i t i s h  f i r m  were  
i n f e c t e d  w i th  S . h a d a r .  Over s e v e r a l  y e a rs  t h e r e  was a 
p r o g r e s s iv e  in c r e a s e  in  t h e  number o f  humans who s u f f e r e d  
f rom s a lm o n e l l o s is  due t o  th e  consumption o f  t u r k e y  meat  
c ontam ina ted  w i t h  t h i s  s e r o t y p e .  Suddenly  and q u i t e  
i n e x p l i c a b l y  th e  in c id e n c e  o f  cases d im in is h e d  to  v e ry
low l e v e l s .  V e r t i c a l  t r a n s m is s io n  o f  eggs was thou ght  t o  
be th e  cause o f  th e  p e r p e t u a t i o n  o f  S . h a d a r  in  t h i s  
company’ s l i v e  s t o c k .  B a x t e r - J o n e s , who was th e  
company’ s b a c t e r i o l o g i s t  th ro u g h o u t  t h i s  e p is o d e ,  s t a t e d  
r e c e n t l y  ( 1 9 9 1 )  t h a t  th e  c u l t u r e  o f  l a r g e  numbers o f  eggs 
proved t o  be a " f r u i t l e s s  e x e r c is e "  and t h a t  in  h is  
e x p e r ie n c e  th e  egg t r a n s m i s s i o n  r a t e  o f  t h i s  s e ro ty p e  was 
1 : 1 0 , 0 0 0  t o  1 : 1 0 0 , 0 0 0 .  T h is  c a u t io n a r y  v ie w  ought  t o  be 
c o n s id e re d  by anyone who wishes t o  begin  c o n t r o l  p o l i c i e s  
based on th e  e x a m in a t io n  o f  eggs.
Qv.i.du.ca.1. .infect io n of t he egg
There  a r e  many d i f f i c u l t i e s  in v o lv e d  in  
i n v e s t i g a t i o n s  o f  o v id u c a l  c o n ta m in a t io n .  R igorous  
p r e c a u t io n s  must be ta k e n  when h a n d l in g  th e  hens in  o r d e r  
t o  ensure  t h a t  th e  c o n d i t i o n  o f  th e  o v id u c t  p o s t  mortem 
r e f l e c t s  i t s  n a t u r a l  s t a t u s  (H a ines  1 9 3 9 ) .  The 
l i t e r a t u r e  le a v e s  t h e  im press ion  t h a t  s u i t a b l e  methods 
have no t  a lways been adopted to  s tudy t h i s  r o u t e  o f  
i n f e c t i o n .  For example th e  s t r e s s  imposed on hens 
s l a u g h t e r e d  in  commercia l p roc e s s ing  p l a n t s  may have 
e x a g g e ra te d  th e  i n f e c t i o n  r a t e  w i t h  s a lm o n e l l a  in  the  
s t u d i e s  d iscussed on page 9 .  I t  i s  e v i d e n t  a l s o  t h a t  th e  
f l o r a  o f  t h i s  organ cannot  be c o n s id e re d  in d e p e n d e n t ly  
f rom t h a t  o f  th e  eggs ta k e n  d i r e c t l y  from t h e  hen.
I t  i s  w e l l  documented t h a t  o p p o r t u n i t i e s  may w e l l  
e x i s t  f o r  an egg t o  become c ontam ina ted  d u r in g  passage 
( F i g u r e  2 )  a long t h e  o v i d u c t  (Romanoff and Romanoff  
1 9 4 9 ) .  Rot p roduc ing  b a c t e r i a  were found in  t h e  o v id u c t
F ig u re  2 .  Egfl_.Fprmation*
Infund.jfrulum
8 -9  cm 
15-30 mins
30 cm
2 -3  hours
Isthmus
10 cm
6 0 -7 5  mins
Uterus
( s h e l l  g lan d )  
4 - 5  cm
18-20  hours
8 cm
Ovi posi t i o n
Grasps ovu le  a t  o v u la t io n  
Yolk a c q u i r e s  o u te r  la y e r  
membrane, and c h a la za l  
l a y e r  o f  a lbumen.Probable  
s i t e  o f  f e r t i l i z a t i o n ,  
sperm m a tu r a t io n .
Albumen s e c r e t in g  region
Sy nthe s is  o f  s h e l l  
membranes, s t a r t  o f  s h e l l  
fo rm a t io n  a t  ju n c t io n  o f  
u te ru s  (M a m i l la r y  cores)
Completion o f  s h e l l ,  
“plumping" occurs and 
pores formed. She l l  p ig ­
ments d e p o s i te d .
Storage o f  sperm in  
"nests"
Egg e x p e l l e d  by prolapse  
o f  the  p o s t e r i o r  p a r t  
o f  the  u te r u s .
♦adapted  from B ur ley  and Vadehera (1 9 8 9 )
by Lamson (1 9 0 9 )  and, when such organisms were p la c e d  in  
o v i d u c t s  th e y  remained v i a b l e  f o r  4 8 -7 2  hours ( H o r o w i tz  
1 9 0 3 ) .  S t u d ie s  o f  d e l i b e r a t e l y  i n f e c t e d  hens ( in o c u lu m
o _  q
10° 17 s a l m o n e l l a s / m l ) showed t h a t  a s i g n i f i c a n t l y  g r e a t e r  
number o f  c o n ta m in a te d  eggs were l a i d  by hens i n o c u l a t e d  
c l o a c a l l y  ( 9 . 1 5 * )  compared t o  those  (3 .7 8 % )  in o c u l a t e d  
o r a l l y  (B a l e  and H in to n  19 9 1 - u n p u b l i s h e d ) . I t  may be 
i n f e r r e d  t h a t  c l o a c a l  c o n ta m in a t io n  le d  t o  o v id u c a l  
i n f e c t i o n  by one o r  o t h e r  o f  th e  mechanisms d isc us s e d  
below.
I n  commerce t h e  in c id e n c e  o f  i n f e c t i o n  o f  th e  
o v i d u c t  may be h i g h e r  towards o r  a t  t h e  end o f  l a y  ( H a r r y  
1963; Bruce and D ry s d a le  1 9 9 1 ) .  The l a t t e r  workers  
examined 656 f e r t i l e  eggs c o l l e c t e d  ov e r  a 10 -day  p e r io d  
f rom 140 e n d - o f - l a y  hens. The eggs which f a i l e d  t o  h a tc h  
were examined m i c r o b i o l o g i c a l l y  a lon g  w i t h  th e  o v id u c t s  
o f  t h e  p ro d u c in g  hens a t  s l a u g h t e r .  I t  i s  a p p a r e n t  f rom  
T a b le  3 t h a t  63% o f  o v id u c t s  were c o n ta m in a te d ,  bu t  o n ly  
5.6% eggs produced t h e r e i n  were i n f e c t e d .  F o r t y  p e r c e n t  
o f  t h e  o v id u c t s  were c on ta m ina te d  a t  a l e v e l  o f  >104 per  
org a n .  Of t h e  eggs produced by th e  re m a in de r  o f  
"uncontam in ated"  o v i d u c t s ,  4% harboured  organ ism s.  Sesma 
e t  a 7. ( 1 9 8 8 )  s t u d i e d  eggs from 2 l a y e r  f l o c k s  on sm al l  
farms f o l l o w i n g  2 o u tb re a k s  o f  human s a l m o n e l l o s i s .  
S a l m o n e l l a  e n t e r i t i d i s  and S . t y p h i m u r i u m  were  i s o l a t e d  
f rom t h e  c l o a c a ,  l i v e r ,  o v a r i e s  and o v i d u c t  o f  th e  hens.  
There  was no c o r r e l a t i o n  between th e  l e v e l  o f  
c o n ta m in a t io n  o f  th e  o v i d u c t  and th e  in c id e n c e  o f  
c o n ta m in a te d  eggs.
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T a b le  3. The l e v e l  o f  b a c t e r i a l  c o n ta m in a t io n  found in  th e  
o v id u c t s  o f  hens a t  th e  end o f  la v  and th e  in c id e n c e  o f  
c o n t a m in a t io n  in  eggs f a i l i n g  t o  hatch
B a c t e r i a l  c o u n t /  No. b i r d s  No. eggs No. o f  eggs
o v i d u c t  l a i d  c ontam ina ted
n i l 52 242 9
<103 19 100 0
>103- 1 0 4 30 148 1
>104- 1 0 5 7 31 0
>105- 1 0 6 12 55 0
>106 20 80 4
*  D ry s d a le  ( 1 9 8 5 )  from Bruce and D ry s d a le  ( 1 9 9 1 ) .
There  a r e  s e v e r a l  means whereby b a c t e r i a  may ga in  
e n t r y  t o  th e  o v i d u c t .  The i n c l u s i o n  o f  f o r e i g n  bodies  -  
such as f e a t h e r s ,  f a e c e s  and s tones  -  in  eggs i s  ta k e n  as 
ev id e n c e  t h a t  v i o l e n t  a n t i p e r i s t a l s i s  i s  n o t  an uncommon 
happening in  t h i s  organ (Romanoff and Romanoff 1 9 4 9 ) .  I t  
i s  p r o b a b ly  caused by c o n t r a c t i o n  o f  t h e  o v i d u c t  
f o l l o w i n g  th e  r e l e a s e  o f  an egg. T h is  may w e l l  f o r c e  
m a t e r i a l  in c l u d i n g  b a c t e r i a  in  th e  u t e r u s  upwards i n t o  
th e  o v i d u c t  (Warren and S c o t t  1 9 3 5 ) .
C o n t r a c t i o n  o f  t h e  muscles in  th e  w a l l s  o f  th e  
o v id u c t  i s  e s s e n t i a l  f o r  th e  t r a n s p o r t  o f  sperm from th e  
v a g in a  t o  t h e  in fu n d ib u lu m  (Van Demark 1 9 5 3 ) .  Such 
c o n t r a c t i o n s  may be induced in  response t o  a t a c t i l e  
s t im u lu s .  N o n - m o t i l e  o r  dead sperm as w e l l  as o t h e r  
f l u i d s  induced th e  same m uscular  c o n t r a c t i o n s  as d id  
m o t i l e  sperm. T h is  s t im u lu s  i s  th o u g h t  t o  o p e r a t e  o n ly  
above th e  u t e r o v a g i n a l  j u n c t i o n .  Sperm d e p o s i te d  below  
t h i s  l e v e l  were d is c h a r g e d  through th e  c lo a c a  ( A l l e n  and 
G r ig g  1 9 5 7 ) .  These c o n t r a c t i o n s  may account  f o r  
anom ol ies  such as d o u b le - y o l k  eggs (Asmundson 1 9 3 1 ) ,  eggs 
w i t h i n  eggs (Romanoff  and H u t t  1 9 4 5 ) ,  as w e l l  as th e  
t r a n s f e r  o f  b a c t e r i a  f rom t h e  c lo a c a  t o  th e  o v id u c t  
(H a in e s  1 9 3 9 ) .  A n t i p e r i s t a l s i s  may occur  a ls o  a t  t im e s  
o f  d i g e s t i v e  d i s t u r b a n c e  (Romanoff  and Romanoff 1 9 4 9 ) .  
B a c t e r i a  may a l s o  be t r a n s p o r t e d  up i n t o  th e  o v id u c t  
d u r in g  major  muscle movements caused by a s t im u lu s  o t h e r  
than  th o s e  noted above.  Thus,  f o r  example, one hour  
b e fo r e  o v i p o s i t i o n  some eggs a r e  r o t a t e d  th rough 180° in  
a h o r i z o n t a l  p la n e  ( B r a d f i e l d  1 9 5 7 ) .  Van Drimmelen
(1 9 5 1 )  s t a t e s  t h a t  t h i s  i s  r e s p o n s ib le  f o r  10-30% o f  eggs 
being l a i d  b l u n t  end f i r s t .  The e x t e n t  o f  such 
d i s tu r b a n c e s  and t h e i r  m i c r o b i o l o g i c a l  i m p l i c a t i o n s  do 
no t  appear  t o  have been d isc us s e d  in  th e  l i t e r a t u r e .
B a c t e r i a l  c o n ta m in a t io n  o f  th e  o v id u c t  may occur  a t  
in s e m in a t io n  (H a in e s  1939)  due t o  i n f e c t i o n  o f  sperm 
d e p o s i te d  c lo s e  t o  t h e  c lo a c a  (L o re n z  1 9 6 6 ) .  Spermatozoa  
l a b e l l e d  w i t h  P32 and d e p o s i te d  in  th e  u te r u s  and v a g in a  
were found in  t h e  in fu n d ib u lu m  one hour a f t e r  
i n s e m in a t io n  ( A l l e n  and G r ig g  1 9 5 7 ) .  H a r r y  (1 9 6 3 )  
dem onstra ted  t h a t  a r t i f i c i a l  in s e m in a t io n  in t ro d u c e d  
E s c h e r i c h i a  c o l i  i n t o  t h e  v a g in a .  The organism was 
i s o l a t e d  s u b s e q u e n t ly  f rom th e  albumen and y o lk  o f  eggs 
a t  o v i p o s i t i o n .  G e n e r a l l y  more c o l i f o r m s  were found in  
th e  o v id u c t s  o f  a r t i f i c i a l l y  r a t h e r  than  n a t u r a l l y  
in s e m in a te d  hens.
Sperm a r e  suspended in  seminal  f l u i d  d e r iv e d  from  
th e  b lood plasma. I t  i s  o f  s i m i l a r  c om pos i t ion  t o  lymph 
in  terms o f  g lu c o s e ,  m in e r a l  and amino a c id  c o n t e n t  (Lake  
1 9 6 6 ) .  Thus i t  would appear  t o  be c a p a b le  o f  s u s t a i n i n g  
th e  v i a b i l i t y ,  bu t  n o t  n e c e s s a r i l y  th e  grow th ,  o f  Gram 
n e g a t i v e  b a c t e r i a .  Indeed  S . e n t e r i t i d i s  have been shown 
t o  s u r v i v e  in  a sperm suspension f o r  3 days a t  room 
te m p e ra tu r e  ( B o ld e r  and van L i t h  1 9 9 1 ) .  Sperm may remain  
v i a b l e  in  th e  hen f o r  up to  15 days (W alton  and Whetham 
1933, Van Drimmelen 1 9 4 5 ) .  R e t e n t i o n  o f  v i a b i l i t y  is  
p ro b a b ly  a s s o c ia t e d  w i t h  t h e  presence o f  "sperm nests"  
which n u r t u r e  th e  f u n c t i o n a l  c a p a b i l i t y  and, a c co rd in g  to  
some, m a tu r a t i o n  o f  sperms (Van Drimmelen 1 9 5 1 ) .  Olsen
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and Neher ( 1 9 4 8 )  n o te d ,  however, t h a t  spermatozoa taken  
d i r e c t l y  f rom t h e  vas d e f e r e n s  o f  t h e  male were c a p a b le  
o f  im m e d ia te ly  f e r t i l i z i n g  t h e  ova .  I n  o t h e r  words th e  
sperm d id  n o t  r e q u i r e  a p e r io d  o f  m a tu r a t i o n  in  th e  
o v i d u c t .  Even so h ig h  numbers need t o  be p r e s e n t  f o r  
f e r t i l i z a t i o n  t o  o c c u r .  I t  has been suggested t h a t  t h e  
"sperm n e s ts "  f a v o u r  t h e  a c c u m u la t io n  o f  l a r g e  numbers o f  
sperm in  t h e  in fu n d ib u lu m  and hence a t  th e  s i t e  o f  
f e r t i l i z a t i o n  (Hammond 1 9 4 0 ) .  Could such " n e s ts "  harbou r  
s a lm o n e l la s  a l s o  ? T h e re  has been much s p e c u l a t i o n  
re g a r d in g  t h e  l o c a t i o n  o f  t h e  "sperm n e s t s " .  Lake (1 9 6 9 )  
suggested t h a t  sperm atozoa  a r e  s u s ta in e d  in  t h e  
e p i t h e l i a l  g lan d  o f  t h e  u t e r o - v a g i n a l  j u n c t i o n  and t h a t  
"packages" a r e  r e le a s e d  d a i l y  t o  ascend t o  th e  
in fu n d ib u lu m  where a s u c c e s s io n  o f  y o lk s  a r e  f e r t i l i z e d .  
Van Drimmelen ( 1 9 4 6 )  has i d e n t i f i e d  "sperm n e s ts "  in  t h e  
in fu n d ib u lu m .  He o b se rv ed  "n e s ts "  c o n t a i n i n g  5 0 -8 0  
sperm, a r ra n g e d  w i t h  t h e i r  t a i l s  p o i n t i n g  o u t  i n t o  th e  
lumen. These were e x p e l l e d  as a r e s u l t  o f  t h e  s t r e t c h i n g  
o f  th e  in fu n d ib u lu m .  I t  i s  w e l l  known t h a t  t h e  
in fu n d ib u lu m  becomes a c t i v e  a t  t h e  t im e  o f  o v u l a t i o n  and 
f e r t i l i z a t i o n  occurs  in  t h i s  a r e a  f o l l o w i n g  t h e  r e le a s e  
o f  th e  ovum from t h e  o v a r y  (O lse n  and Neher 1 9 4 8 ) .  The 
s t u d i e s  by B o ld e r  and van L i t h  ( 1 9 9 1 )  showed t h a t  sperm 
suspensions c o n t a i n i n g  a heavy b a c t e r i a l  inoculum d id  no t  
r e s u l t  in  i s o l a t i o n  o f  s a l m o n e l l a  from e i t h e r  t h e  eggs o r  
th e  c h ic k s  produced t h e r e f r o m .
The o b s e r v a t i o n s  d is c u s s e d  above dem onstra ted  t h a t  
i n v e s t i g a t i o n s  o f  t h e  outcome o f  o v id u c a l  c o n ta m in a t io n
o f  eggs pose p r a c t i c a l  prob lem s.  O b v io u s ly  eggs cannot  
be i n f e c t e d  w i t h  c e r t a i n t y  in  th e  o v id u c t  when s tu d y in g  
t h e  f a t e  o f  c o n ta m in a n ts  in  t h e i r  c o n te n ts  p o s t  
o v i p o s i t i o n .  C o nsequent ly  a t te m p ts  have been made t o  
a dopt  methods which s im u l a t e  t h i s  r o u te  o f  egg i n f e c t i o n .  
Such methods in c l u d e  t h e  i n o c u l a t i o n  o f  organisms  
d i r e c t l y  i n t o  th e  albumen o f  whole eggs (Kim e t  a 7.
1 9 8 9 ) ,  on to  th e  a i r  c e l l  membrane (Brooks 1960)  o r  y o lk  
o f  whole  eggs (A y re s  and T a y l o r  1956, Humphrey 1 9 9 1 ) .
The f i r s t  o f  th e s e  methods s im u la t e s  th e  s i t u a t i o n  in  
which albumen i s  c o n ta m in a te d  on s e c r e t i o n  in  th e  magnum, 
and th e  second s im u la t e s  t h e  s i t u a t i o n  in  which th e  s h e l l  
membranes a r e  c o n ta m in a te d  d u r in g  f o r m a t io n  in  th e  
is thm us .  The course  o f  m i c r o b i a l  i n f e c t i o n  f o l l o w i n g  
such methods o f  i n f e c t i o n  w i l l  be d iscussed  s u b s e q u e n t ly  
( p 3 0 ) .
C o n t r o l  measures
Judging from t h e  e v id e n c e  d iscussed  t o  d a te  t h e r e  i s  
a need t o  ensure  t h e  minimal i n f e c t i o n  o f  f e e d  and t o  
d e t e c t  and e l i m i n a t e  i n f e c t e d  b re e d in g  f l o c k s  (R odr igu e  
e t  a l .  1 9 9 0 ) .  In d e e d ,  t h e  M i n i s t r y  o f  A g r i c u l t u r e ,  
F i s h e r i e s  and Food emphasized th e  im portance  o f  p o s s ib le  
t r a n s o v a r i a n  i n f e c t i o n  and in t ro d u c e d  th e  mandatory  
t e s t i n g  o f  p o u l t r y  f l o c k s  in  o r d e r  t o  p r e v e n t  t h e  spread  
o f  S . e n t e r i t i d i s  f rom b r e e d in g  f l o c k s  v i a  eggs t o  
progeny.  T h is  i n v o lv e s  t h e  compulsory s l a u g h t e r  o f  
i n f e c t e d  b i r d s  as p r e s c r i b e d  by th e  Zoonoses Order  (Anon 
1 9 8 9 ) .  Regard ing e l i m i n a t i o n  o f  th e  organism from f e e d ,
th e  i n t r o d u c t i o n  o f  th e  D is e as e  o f  Animals  ( P r o t e i n  
P ro c e s s in g )  Order  (Anon 1981)  has reduced t h e  in c id e n c e  
o f  con ta m in a te d  fe e d  from 31% in  1982 to  14% in  1988 
(Mason and V in es  1 9 8 9 ) .  T h is  o r d e r ,  however, does no t  
in c lu d e  th e  v e g e ta b le  p r o t e i n ,  soya meal -  t h e  most 
common source  o f  S a l m o n e l l a  in  th e  s tudy by Humphrey and 
Lanning ( 1 9 8 8 ) .  The process o f  p e l l e t i n g  reduces th e  
number o f  s a lm o n e l la  i s o l a t e s  from fe e d  by 82% (Jones e t  
a l . 1 9 9 1 ) .  The recommended h e a t  t r e a t m e n t  i s  80 °C f o r  5 
mins o r  74 °C f o r  20 m inu tes  (Anon 1 9 8 9 ) .  The in c id e n c e  
may be reduced f u r t h e r  by th e  a d d i t i o n  o f  f o r m ic  a c id  
(0 .5% w /w ) ,  p r o p io n i c  a c id  o r  o t h e r  a n t i m i c r o b i a l  agents  
t o  f e e d .  The a d d i t i o n  o f  f o r m ic  a c i d ,  f o r  example ,  
caused a r e d u c t io n  in  th e  r a t e  o f  i s o l a t i o n  o f  
s a lm o n e l la s  from 15.3% t o  1.2% in  h a tc h e ry  waste  
(Humphrey and Lanning 1 9 8 8 ) .  I t  would appear  t h a t  th e  
i n c l u s i o n  o f  low c o n c e n t r a t io n s  o f  an o r g a n ic  a c id  such 
as fo r m ic  a c id  ( 0 . 2 5 - 0 . 7 5 %  o f  85% fo r m ic  a c i d )  i s  c a p a b le  
o f  e l i m i n a t i n g  S a l m o n e l l a  c a r r i a g e  in  c h ic k s  ( H in t o n ,  
L in to n  & P e r ry  1 9 8 5 ) ,  and may l i m i t  th e  h o r i z o n t a l  spread  
o f  S . e n t e r i t i d i s  (Humphrey e t  a l .  1 9 9 1 ) .
Nurmi and R a n ta la  (1 9 7 3 )  suggested t h a t  c o l o n i z a t i o n  
o f  th e  he n ’ s i n t e s t i n e  cou ld  be avo ided by o r a l l y  
a d m i n i s t e r i n g  a t  h a tc h in g  c u l t u r e s  o f  a n a e ro b ic  b a c t e r i a  
d e r iv e d  from th e  fa e c e s  o f  mature b i r d s .  Faecal  c u l t u r e s  
have been found t o  p r o v id e  p r o t e c t i o n  30 min t o  one hour  
a f t e r  a d m i n i s t r a t i o n .  Maximum p r o t e c t i o n  was c o n f e r r e d  
on th e  c h ic k  6 -8  h a f t e r  a d m i n i s t r a t i o n  ( S t a v r i c  e t  a l . 
1 9 8 7 ) .  I t  p ro v id ed  p r o t e c t i o n  a g a in s t  i n f e c t i v e  doses o f
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103- 1 0 6 s a lm o n e l la s  ( P i v n i c k  and Nurmi 1 9 8 2 ) .  In  F in la n d  
c o m p e t i t i v e  e x c l u s io n  has been w id e ly  adopted .  The use 
o f  p rod ucts  such as " B r o i l a c t " , a m ix tu r e  o f  a n a e ro b ic  
b a c t e r i a  i s o l a t e d  from t h e  fa e c e s  o f  mature b i r d s  a re  fe d  
t o  newly hatched c h ic k s .  Indeed F in n is h  law s t a t e s  t h a t  
e v e ry  b r o i l e r  f l o c k  must be examined s e r o l o g i c a l l y  f o r  
th e  presence o f  s a lm o n e l l a s .  S ince  th e  i n t e g r a t e d  use o f  
p ro d u c ts  such as " B r o i l a c t "  began in  August 1991, no 
s a lm o n e l la s  has been found on farms t h a t  used i t  
( S c h n e i t z  1 9 9 2 ) .  I t  needs to  be s t r e s s e d ,  however, t h a t  
F in la n d  is  a sm al l  c o u n t ry  and th e  success o f  th e  Nurmi 
concept  may be l i n k e d  t o  th e  smal l  s c a l e  o f  i t s  p o u l t r y  
i n d u s t r y .  I t  i s  g e n e r a l l y  c o n s id e re d  t h a t  a p p l i c a t i o n  o f  
th e  c o m p e t i t i v e  e x c l u s io n  p r i n c i p l e  -  c o m p e t i t io n  f o r  
b in d in g  s i t e s  on th e  e p i t h e l i a l  c e l l s  o f  th e  
g a s t r o i n t e s t i n a l  system -  would o n ly  be s u c c e s s fu l  i f  
used as p a r t  o f  a l a r g e r  programme t o  c o n t r o l  s a lm o n e l la s  
(Mead and Impey 1 9 8 4 ) .
In  th e  s h o r t  te rm  a n t i b i o t i c  th e r a p y  may be needed 
t o  e l i m i n a t e  depots  o f  s a lm o n e l la s  in  b re e d in g  f l o c k s .
In  t h i s  i n s t a n c e ,  o f  course ,  c a re  must be ta k en  t o  
m in im ize  th e  r i s k  o f  s e l e c t i n g  p la s m id -b o rn e  r e s i s t a n c e  
and t r a n s f e r r i n g  organisms w i t h  t h i s  a t t r i b u t e  a long t h e  
p ro d u c t io n  c h a in  t o  th e  consumer. A n t i b i o t i c  r e s i s t a n c e  
in  s a lm o n e l la s  i s  a s s o c ia te d  w i t h  p lasm ids  a c q u i r e d  as 
th e  r e s u l t  o f  a s e l e c t i v e  p re s s u re  caused by th e  use o f  a 
s p e c i f i c  a n t i b i o t i c  ( T h r e l f a l l  and F r o s t  1 9 9 0 ) .  So f a r ,  
however, r e s i s t a n c e  t o  a n t i m i c r o b i a l  agents  i s  r a r e  in  
S . e n t e r i t i d i s  o f  p o u l t r y  o r i g i n .  In  1987 o n ly  1 0 . 7% o f
i s o l a t e s  in  England and Wales were r e s i s t a n t  t o  m u l t i p l e  
drugs ( F r o s t ,  Ward and Rowe 1 9 8 9 ) .  I t  has been surmized  
t h a t  S . e n t e r i t i d i s  c a r r i e s  a s p e c i f i c  r e s t r i c t i o n  system  
which d e s t r o y s  incoming DNA (Anderson and T h r e l f a l l
1 9 7 0 ) .  P lasm ids  t h a t  a r e  ph ag e- ty p e  d e t e r m i n in g ,  
however, may c o n v e r t  s t r a i n s  o f  PT 4 t o  PT 24 .  I n  1988 
97% o f  PT 24 s t r a i n s  were r e s i s t a n t  t o  t e t r a c y c l i n e .
I n  th e  US th e  f a i l u r e  o f  th e  V o lu n t a r y  Model S t a t e  
Program, in t ro d u c e d  by th e  USDA/Food and Drug 
A d m i n i s t r a t i o n ,  has le d  t h e  USA Department o f  A g r i c u l t u r e  
t o  ammend i t s  r e g u l a t i o n s  t o  in c lu d e  S . e n t e r i t i d i s  as a 
cause o f  communicable d is e a s e  o f  p o u l t r y .  T h is  in v o lv e s  
r e s t r i c t i n g  movement o f  f l o c k s  found p o s i t i v e  -  based on 
th e  r e c o v e ry  o f  th e  organism  from i n t e r n a l  o rgans  -  and 
th e  u p d a t in g  o f  th e  N a t i o n a l  P o u l t r y  Improvement Plan  
( N P I P ) ,  i n i t i a l l y  s e t  up in  1935 t o  deal w i t h  th e  problem  
o f  S . p u l l o r u m .  T h is  s t a t e s  t h a t  a l l  egg p ro d u c in g  f l o c k s  
must be c l a s s i f i e d  as "US S a n i t a t i o n  M o n i t o r e d " .  
A p p r o x im a te ly  90% o f  th e  b re e d in g  and h a tc h e r y  in d u s t r y  
p a r t i c i p a t e  in  s e r o l o g i c a l  t e s t i n g  o f  fo w ls  and th e  
c l a s s i f i c a t i o n  o f  v a r i o u s  d is e a s e  c o n t r o l  programmes 
which ,  up u n t i l  th e  a d d i t i o n  o f  S . e n t e r i t i d i s ,  in c lu d e d  
S . p u l l o r u m ,  S . g a l l  inarum,  Myocoplasma g a l l i s e p t i c u m ,
M . s y n o v i a e  and M . m e l e a g r i d i s .
The 1990 c o n fe re n c e  o f  th e  NPIP (Anon 1991a)  
approved changes ( n o t  y e t  p u b l is h e d )  in  th e  Code o f  
F e d e ra l  R e g u la t io n s  which in c lu d e d  b a c t e r i o l o g i c a l  
t e s t i n g  o f  th e  e nv ironm e nt  ( l a y e r s )  e v e ry  30 days us ing  
improved c u l t u r i n g  te c h n iq u e s  w i t h  th e  aim o f  e l i m i n a t i n g
S . e n t e r i t i d i s  f rom l a y e r  b re e d in g  f l o c k s .  I t  was 
suggested t h a t  t h i s  c ou ld  be ach ieved  by t h e  use o f  
S a l m o n e l l a - f r e e  f e e d ,  i e .  p e l l e t i z e d  fe e d  shou ld  c o n ta in  
no animal p r o t e i n  u n le ss  i t  was t r e a t e d  under t h e  “Animal  
P r o t e i n  P roducts  In d u s t r y  S a l m o n e l l a  E d u c a t io n /R e d u c t io n  
Programme". T h is  in v o lv e s  t h e  exposure  o f  f e e d  t o  
t e m p e ra tu r e s  o f  8 7 .7  °C o r  above, o r  8 4 . 8  °C w i t h  70 lb  
o f  p re s s u re  o r  7 3 .8  °C f o r  20 m inu tes .  In  t h e  case o f  
mash f e e d ,  th e  animal p r o t e i n  must be t r e a t e d  as f o r  
p e l l e t e d  fe e d  and then  crumbled i n t o  th e  m ix .  
B a c t e r i o l o g i c a l  samples shou ld  be ta k e n  from th e  b i r d s  a t  
4 months o f  age and e v e r y  30 days t h e r e a f t e r .  I f  
S . e n t e r i t i d i s  i s  found in  th e  env ironm ent  o r  demonstrated  
s e r o l o g i c a l l y  in  th e  b i r d s  then  60 l i v e  b i r d s  a r e  
examined. I f  th e  f l o c k  i s  found p o s i t i v e  then  
c e r t i f i c a t i o n  o f  th e  f l o c k  by t h e  NPIP i s  suspended,  
u n t i l  th e  f l o c k  is  found t o  be S a l m o n e l l a  f r e e .
In  g e n e ra l  p o s i t i v e  f l o c k s  a re  d e s t ro y e d  o r  t h e i r  
eggs d i v e r t e d  t o  p a s t e u r i z i n g  p l a n t s .  ( T h i s  l a t t e r  p o l i c y  
i s  now be ing  c o n s id e re d  in  th e  UK). The FDA has a ls o  
p u b l is h e d  codes f o r  r e t a i l  food e s ta b l is h m e n t s  which  
r e d e s ig n a te d  eggs as a p o t e n t i a l l y  hazardous f o o d - s t u f f ,  
and recommended t h a t  th e y  be r e f r i g e r a t e d  a t  a l l  t im e s .
I t  a l s o  c a u t io n e d  a g a i n s t  th e  use o f  pooled eggs,  
em phas iz ing  te m p e ra tu re  r e g u l a t i o n  o f  th e  f o o d - s t u f f  
b e fo r e  and a f t e r  cooking (Anon 1 9 9 1 a ) .
A n t i m i c r o b i a l  d e fence  o f  th e  egg
The r e d e s i g n a t i o n  o f  an egg as a p o t e n t i a l l y  
hazardous f o o d s t u f f  t h a t  needs r e f r i g e r a t e d  s t o r a g e  
im p l ie s  t h a t  i t s  c o n te n ts  may be e a s i l y  c o lo n iz e d  by 
l a r g e  numbers o f  s a lm o n e l l a s .  The e v id e n c e  f o r  and 
a g a i n s t  t h i s  c o n t e n t i o n  is  rev iew ed  below.
As noted  above, an egg may become con ta m in a te d  w i t h  
s a lm o n e l la s  by any one o f  3 r o u t e s ,  t r a n s o v a r i a n ,  
o v id u c a l  o r  t r a n s - s h e l l  (Duguid and N orth  1 9 9 1 ) .  W i th  
th e  l a s t  2 ,  t h e  organisms have t o  s u r v iv e  th e  
a n t i m i c r o b i a l  p r o p e r t i e s  o f  t h e  albumen i f  th e y  a r e  t o  
pose a t h r e a t  t o  a consumer. T h is  s e c t i o n  re v iew s  work 
done on th e  a n t i m i c r o b i a l  de fence  o f  t h e  h e n ’ s egg.
Haines  ( 1 9 3 9 )  noted  t h a t  "when th e  a v ia n  egg i s  l a i d  i t  
i s  a com ple te  s t r u c t u r e  equipped f o r  th e  dual purpose o f  
n o u r is h in g  t h e  d e v e lo p in g  embryo and d e fe n d in g  i t  a g a i n s t  
m ic r o b ia l  i n v a s i o n " .  Over t h e  years  s p e c u l a t i o n  has 
l i n k e d  many components o f  th e  h e n ’ s egg (T a b le  4 )  w i t h  
t h i s  d e fe n c e  system. In  p r a c t i c e  s t u d i e s  o f  t h e  de fence  
o f  th e  y o lk  -  t h e  main depot o f  th e  m a t e r i a l  r e q u i r e d  f o r  
embryogenesis  -  has le d  t o  th e  r e c o g n i t i o n  o f  3 major  
components o f  th e  de fence  and 3 s tages  in  i t s  n e g a t io n  
and t h e  development o f  gross c o n ta m in a t io n  o f  an e g g ’ s 
c o n t e n t s .  1. C o n ta m in a t io n  and p e n e t r a t i o n  o f  th e  s h e l l .  
2. C o l o n i z a t i o n  o f  th e  s h e l l  membranes. 3 . Gross 
i n f e c t i o n  o f  th e  albumen and y o lk  w i t h o u t  n e c e s s a r i l y  any 
v i s i b l e  change in  e i t h e r  (Board and F u l l e r  1 9 7 4 ) .  I t  has 
been suggested t h a t  i n f e c t i o n / r o t t i n g  o f  s h e l l  eggs is  
the  r e s u l t  o f  m is h a n d l in g  by man le a d in g  t o  an
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T a b le  4 .  C o n t r i b u t i o n  o f  th e  components o f  th e  h e n ’ s egg t o  
th e  a n t i m i c r o b i a l  d e fe n c e  o f  i t s  c o n te n ts  and th e  d e v e lo p in g  
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*  Adapted from Board & F u l l e r  ( 1 9 7 4 ) .
o v e r lo a d i n g  o f  t h e  n a t u r a l  de fence  system (Brooks  and 
T a y l o r  1955, Mayes and T a k e b a l i  1 9 8 3 ) .
The f o l l o w i n g  d is c u s s io n  o f  th e  a n t i m i c r o b i a l  
p r o p e r t i e s  o f  th e  egg c o v e rs  th e  course o f  i n f e c t i o n  o f  
those  c o n ta m in a te d  v i a  t h e  t r a n s - s h e l l  r o u t e  where  
organisms a r e  c o n f r o n te d  by th e  e n t i r e  a n t i m i c r o b i a l  
defe n c e  system (T a b le s  4 and 5 ) .  The in c id e n c e  o f  
s a lm o n e l la s  on an egg s h e l l  o r  in  i t s  c o n te n ts  w i l l  be 
d e te rm in e d  by 3 f a c t o r s :  ( 1 )  th e  e nv ironm ent  i n t o  which  
an egg i s  l a i d ;  ( 2 )  th e  s t r u c t u r e  o f  th e  s h e l l ,  and ( 3 )  
th e  h a n d l in g  and s to r a g e  o f  an egg ( R i z k ,  A yres  and K r a f t  
1 9 6 6 ) .
P h y s ic a l  Defence
The s t r u c t u r e  o f  t h e  s h e l l  ( F i g u r e  3 )  i s  th e  major  
d e te r m in a n t  o f  th e  in c id e n c e  o f  c o n ta m in a t io n  o f  an e g g ’ s 
c o n te n ts  by th e  t r a n s - s h e l l  r o u t e .  The s h e l l  o f  th e  
h e n ’ s egg i s  composed m a in ly  o f  c a lc iu m  c a rb o n a te  (98% by 
w e ig h t )  -  in  th e  form o f  c a l c i t e  -  t o g e t h e r  w i t h  t r a c e s  
o f  magnesium, phosphate ,  an o r g a n ic  m a t r i x  and w a te r  
(Board and Sparks 1 9 9 1 ) .  The in n e r  (cone)  l a y e r  c o n s is t s  
o f  c o n i c a l  p r o j e c t i o n s  which merge w i t h  th e  o u t e r  s h e l l  
membrane. The m ajor  p a r t  o f  t h e  s h e l l  ( t h e  p a l i s a d e  
l a y e r )  i s  formed from p o l y c r y s t a l l i n e  columns o f  c a l c i t e .  
Pores o f  a s t r a i g h t  p o s th orn  morphology run r a d i a l l y  
across  t h i s  l a y e r .  The s h e l l ’ s s u r f a c e  and t h e  o u te r  
o r i f i c e  o f  th e  m a j o r i t y  o f  t h e  7 ,0 0 0  - 1 7 , 0 0 0  pores  a re  
covered  c o m p le t e ly  o r  p a r t i a l l y  by th e  c u t i c l e .  T h is  i s  
a t h i n  l a y e r  o f  g l y c o p r o t e i n  c o n s i s t i n g  o f  spheres  when
0 *8 -T 0 p m
F ig u r e  3.
An a r t i s t s  i m p r e s s i o n  o f  th e  o r g a n i z a t i o n  o f  t h e  egg s h e l l  
as shown by r a d i a l  s e c t i o n  t h r o u g h  a p o re .
A, C u t i c l e ;  B, Spongy l a y e r ;  C, M a m m i l l a r y  l a y e r ;  D, S h e l l  
membranes; E, v e s i c l e s  and f i b r e s ;  F, Amorphous c r y s t a l l i n e  
m a t e r i a l s ;  G, Columns o f  c a l c i t e  c r y s t a l ;  H, F i b r e s ;  I ,  
V e s i c l e s ;  J ,  Amorphous c r y s t a l l i n e  m a t e r i a l ;  K, P r o t e i n  
p lu g ;  L, Pore  c a n a l ;  M, Large f i b r e s ;  N, M a n t le ;  0 ,  K e r a t i n  
c o r e .
Board (1969)
in  th e  mature  s t a t e  ( T y l e r  and Geake 1953, Board and 
H a l l s  1973, Nascimento 1 9 9 1 ) .
Organisms may become t r a p p e d  in  th e  immature c u t i c l e  
as an egg passes th ro u g h  th e  c lo a c a  ( S t u a r t  and McNal ly  
1 9 4 3 ) .  I f  a b i r d  i s  a c t i v e l y  t r a n s m i t t i n g  pathogens such 
as s a lm o n e l la s  in  i t s  f a e c e s ,  then  t h e  s h e l l  may w e l l  
h a rb o u r  th e s e  pathogens a l s o  (Jones e t  a l . 1 9 9 1 ) .
B a c t e r i a  have been shown t o  p e n e t r a t e  th e  s h e l l  r e a d i l y  
when t h e  c u t i c l e  i s  s t i 1) wet  and hence im mature,  a s t a t e  
o f  v e r y  s h o r t  ( 1 - 3  m in)  d u r a t i o n  (S p a rk s  and Board 1 9 8 5 ) .  
Organisms t r a p p e d  in  t h e  c u t i c l e  may p e n e t r a t e  th e  s h e l l  
as t h e  fo rm e r  d e t e r i o r a t e s  d u r in g  s t o r a g e  (V a d e h e ra ,
Baker and N a y lo r  1 9 7 0 ) .
There  i s  ample e v id e n c e  t h a t  t h e  egg s h e l l  enveloped  
i n  a mature  c u t i c l e  impedes t h e  inward movement o f  w a te r  
and o f  m ic ro -o rg a n is m s  lo c a t e d  on i t s  s u r f a c e  ( W i l l i a m s  
and W hit tem ore  1 9 6 7 ) .  The c l e a n l i n e s s  o f  th e  env ironm ent  
i n t o  which an egg i s  l a i d  i s  b f  course  an im p o r ta n t  
d e t e r m i n a n t  o f  th e  e x t e n t  o f  m i c r o b i a l  c o n ta m in a t io n  and 
hence p e n e t r a t i o n  o f  t h e  s h e l l .  Up t o  15 t im e s  more 
b a c t e r i a  have been found on eggs from deep l i t t e r  as 
opposed t o  those  from b a t t e r y  cages (H a r r y  1 9 6 3 ) .  Jones 
e t  a 7. (1 9 9 1 )  observed t h a t  th e  in c id e n c e  o f  s h e l l  
c o n ta m in a t io n  cou ld  be d im in is h e d  by re d u c in g  th e  
m o is tu r e  c o n te n t  o f  n e s t  l i t t e r .  M o reover  th e  in c id e n c e  
o f  c o n ta m in a t io n  o f  t h e  c o n te n ts  o f  eggs l a i d  on th e  
p o u l t r y - h o u s e  f l o o r  i s  g r e a t e r  th a n  t h a t  o f  thos e  l a i d  in  
n e s t  boxes ( S m e l t z e r  e t  a l .  1979, Padron 1990, Bruce and 
D r y s d a le  1 9 9 1 ) .
D ry s d a le  ( 1 9 8 5 )  examined s h e l l  t h i c k n e s s ,  p o r o s i t y  -  
measured as w a te r  vapour conductance ,  and c u t i c l e  
d e p o s i t i o n  on eggs produced by a b r o i l e r - b r e e d e r  f l o c k .  
Eggs were examined d u r in g  t h e  h e n s ’ 2 9 *^ ,  3 5 ^  and 50^^  
weeks o f  age. The r e s u l t s  d id  not  dem onstra te  any 
r e l a t i o n s h i p  between c o n ta m in a t io n  o f  th e  egg c o n te n ts  
and t h i c k n e s s  o f  t h e  s h e l l .  These r e s u l t s  a r e  in  accord  
w i t h  thos e  o f  Vadhera e t  a7. ( 1 9 7 0 )  and S m e l t z e r  e t  a l . 
( 1 9 7 9 ) .  Moreover t h e r e  was no ev id e n c e  t h a t  a h igh l e v e l  
o f  p o r o s i t y  caused a h ig h e r  in c id e n c e  o f  c o n ta m in a t io n  o f  
th e  c o n t e n t s .  These r e s u l t s  a r e  in  agreement w i t h  those  
o f  Sparks and Board ( 1 9 8 4 ) .  The c u t i c l e  e n v e lo p in g  th e  
o u t e r  s u r f a c e  o f  th e  s h e l l  was th e  main impediment to  
b a c t e r i a l  p e n e t r a t i o n  o f  th e  s h e l l ,  an o b s e r v a t i o n  in  
agreement w i t h  those  o f  many e a r l i e r  workers  (e g .
Romanoff and Romanoff 1949, Fromm 1967, Sparks and Board 
1 9 8 5 ) .  D ry s d a le  (1 9 8 5 )  noted t h a t  40% o f  eggs t h a t  
f a i l e d  t o  ha tch  had a poor c u t i c l e  and a h igh  in c id e n c e  
o f  c o n ta m in a t io n  o f  t h e i r  c o n te n ts .
Even i f  an egg has an i n t a c t  c u t i c l e  t h e r e  a r e  10 -20  
p o res ,  o u t  o f  a t o t a l  o f  7 ,0 0 0  to  1 7 ,0 0 0  ( T y l e r  1953)  
which a r e  prone t o  f l o o d i n g  and hence b a c t e r i a l  i n f e c t i o n  
o f  th e  c o n te n ts  (O re l  1 9 5 9 ) .  These pores a r e  p ro b a b ly  o f  
prime im p o r ta n c e ,  p a r t i c u l a r l y  when eggs a r e  washed, in  
a l l o w i n g  th e  passage o f  m ic ro -o rg a n is m s  from t h e  s h e l l  
s u r f a c e  t o  th e  u n d e r l y i n g  s h e l l  membranes (Board and 
Board 1 9 6 7 ) .  Paton and Ayres (1 9 6 4 )  used " C a l c o f 1u o r -  
W hite  M2R" t o  dem onstra te  th e  passage o f  Salmono 1 la  
across th e  s h e l l  and i n t o  th e  membranes. The f l u o r e s c e n t
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b r i g h t e n e r  was ta k e n  up by growing organisms w i t h o u t  
a p p a r e n t  i n h i b i t i o n  o r  m utagenes is .  S a lm o n e l la s  t h a t  
p e n e t r a t e d  th e  s h e l l  f lu o r e s c e d  and those  r e s t r a i n e d  by 
th e  s h e l l  membranes formed c o lo n ie s  t h a t  f l u o r e s c e d  in  UV 
1 i g h t .
Organisms in  fa e c e s  appear  t o  p e n e t r a t e  t h e  s h e l l  
and g a in  access t o  th e  u n d e r l y i n g  membranes more e a s i l y  
than  th o s e  in  w a te r  a lo n e  (Bruce  and D ry s d a le  1 9 9 1 ) .  
Faeces may in c r e a s e  th e  e x t e n t  o f  m ic r o b ia l  p e n e t r a t i o n  
o f  t h e  s h e l l  and c u t i c l e  o r  enhance th e  growth o f  
c o n ta m in a n ts  on t h e  s h e l l  membranes by s u p p ly in g  th e s e
i ^+
w i t h  Fe and o t h e r  growth f a c t o r s  (Bruce  and D ry s d a le  
1991, C la y  and Board 1 9 9 2 ) .  Padron (1 9 9 0 )  exposed eggs 
t o  s t e r i l e  fa e c e s  which had been sprayed w i t h  
S. t yp h i mu r iu m  and he in c re a s e d  th e  in c id e n c e  o f  
c o n ta m in a t io n  o f  t h e  c h o r i o a l l a n t o i c  membranes and y o lk  
sacs o f  in c u b a te d  eggs. S i m i l a r  r e s u l t s  were o b ta in e d  
f o l l o w i n g  c o n t a c t  o f  eggs w i t h  d e l i b e r a t e l y  c ontam ina ted  
n e s t  l i t t e r  f o r  10 m inu tes .
I n f e c t i o n  o f  an e g g ’ s c o n te n ts  may be t h e  r e s u l t  o f  
egg w ash ing .  B a c t e r i a l  t r a n s l o c a t i o n  a c ro ss  t h e  s h e l l  is  
p r o b a b le  i f  t h e  wash w a te r  i s  c o ld e r  than  th e  egg (H a ines  
and Moran 1940, B uch l i  1967, Moats 1 9 7 8 ) .  The 
t e m p e r a t u r e  d i f f e r e n t i a l  causes a s l i g h t  n e g a t iv e  
p r e s s u re  because th e  r e d u c t io n  in  th e  volume o f  th e  
c o n t e n t s  i s  g r e a t e r  than  t h a t  o f  th e  s h e l l  (H a in e s  and 
Moran 1 9 4 0 ) .  T h is  r e s u l t s  in  a small amount o f  
c o n ta m in a te d  w a te r  be ing drawn i n t o  th e  egg (S pa rk s  and 
Board 1 9 8 4 ) .  When us ing  t h i s  te c h n iq u e ,  S tokes  e t  a l .
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( 1956)  dem onstra ted  t h a t  S . o r an i e r t b er g ,  S . t y p h i m u r i u m ,  
S . m o n t e v i d e o ,  S . p u l l o r u m  and S . g a l  1 inarum p e n e t r a t e d  th e  
s h e l l  and, w i t h  s to r a g e  a t  29 °C, l a r g e  p o p u la t i o n s  
d eve lop ed  in  th e  eggs c o n t e n t s .  They contended t h a t  
i n i t i a l l y  s a lm o n e l la s  were sucked i n t o  b u t  n o t  th rough  
th e  s h e l l  membranes, such t h a t  th e  c o n ta m in a t in g  
organism s were s e p a ra te d  i n i t i a l l y  from t h e  a n t i m i c r o b i a l  
f a c t o r s  in  th e  albumen. Eggs c o n te n ts  do n o t  a lways  
become c o n ta m in a te d ,  however,  when washed in  Salmortel  l a -  
i n f e c t e d  w a t e r  ( D ’ Aoust ,  S t o t l a n d  and R a n d a l l  1 9 8 0 ) .  The 
reasons f o r  t h i s  a re  no t  known.
I f  egg washing i s  done c o r r e c t l y  -  i e .  th e  
t e m p e r a t u r e  o f  th e  wash w a te r  ( c o n t a i n i n g  v e ry  low l e v e l s  
o f  i r o n )  i s  20 °C h ig h e r  than  t h a t  o f  t h e  eggs and th e  
eggs a r e  d r i e d  as q u i c k l y  as p o s s ib le  (B Q ch l i  1 9 6 7 ) ,  then  
th e  r a t e  o f  i n f e c t i o n  w i l l  be a k in  t o  t h a t  o f  unwashed 
eggs (Moats  1979, F o r s y th e ,  Ayres and Radio  1953, O s t lu nd
1 9 7 1 ) .  Washing, however, may render  th e  egg more 
s u s c e p t i b l e  t o  subsequent b a c t e r i a l  i n f e c t i o n ,  e s p e c i a l l y  
i f  t h e  c u t i c l e  has been damaged by th e  washing process  
and eggs a r e  s to r e d  under m o is t  c o n d i t io n s  ( T r u s s e l l ,  
T r ig g s  and G reer  1 9 5 5 ) .
Once organisms p e n e t r a t e  th e  c u t i c l e  and s h e l l ,  th e  
s h e l l  membranes a c t  as an a d d i t i o n a l  m echanical  b a r r i e r  
t o  c o n t a m in a t io n  o f  an e g g ’ s c o n te n ts  (S to k e s  and Osborne 
1 9 5 6 ) .  An egg s h e l l  f r e e d  o f  membranes does n o t  r e s t r a i n  
th e  passage o f  b a c t e r i a  as e f f e c t i v e l y  as an i n t a c t  one 
( G a r i b a l d i  and Stokes 1 9 5 8 ) .
The membranes a r e  composed o f  a n a s to m is in g  f i b r e s  
hav ing  an e l a s t i n - l i k e  co re  and g l y c o p r o t e i n  m a n t le  
(Leach ,  Rucker and Van Dyke J 9 8 1 ) .  T r a n t e r  and Board  
( 1 9 8 2 )  noted  th e  adhes ion  o f  b a c t e r i a  t o  t h e  g l y c o p r o t e i n  
m a n t le s  o f  th e  membrane f i b r e s .  T h is  adhes ion  may be one 
reason f o r  th e  t r a n s i e n t  impediment o f  m i c r o b i a l  movement 
acro ss  t h e  membranes and i n t o  th e  u n d e r l y i n g  albumen.
T h is  p r o p e r t y  i s  l o s t  1 8 -24  h a f t e r  c o n ta m in a t io n  
(W alden,  A l l e n  and T r u s s e l l  1 9 5 6 ) .  The reasons f o r  t h i s  
change a r e  n o t  known and s p e c u la t io n  t h a t  b a c t e r i a l  
p r o te a s e s  may be in v o lv e d  have no t  been supp or ted  by t h e  
o b s e r v a t i o n s  o f  G a r i b a l d i  and Stokes ( 1 9 5 8 )  and Board  
( 1 9 6 5 ) .  The membranes p r o b a b ly  c o n t a in  n u t r i e n t s  t h a t  
s u p p o r t  t h e  growth o f  organisms (S tokes  and Osborne  
1 9 5 6 ) .  B a c t e r i a l  m u l t i p l i c a t i o n  has been observed on egg 
s h e l l  membranes in  v i t r o .  Board ( 1 9 6 5 ) ,  f o r  example ,  
dem onstra ted  t h a t  i n t a c t  s h e l l  membranes in  b u f f e r e d  
m in e r a l  s a l t s  supp or ted  th e  growth o f  r o t - p r o d u c i n g  
b a c t e r i a  and t h a t  Aeromonas 7 i q u e f a c i e n s  d i g e s t e d  t h i s  
s t r u c t u r e .
Two f a c t o r s  may p l a y  an im p o r ta n t  r o l e  in  b a c t e r i a l  
p e n e t r a t i o n  o f  th e  egg c o n t e n t s .  ( 1 )  The n a t u r e  o f  
substances  d e p o s i te d  on th e  membranes a lon g  w i t h  th e  
c o n ta m in a t in g  o rgan ism . For example, c o n ta m in a t io n  o f  
membranes in s i t u  w i t h  f a e c a l  e x t r a c t  (C la y  and Board  
1 9 9 2 ) .  ( 2 )  The p r o t e c t i o n  a g a i n s t  th e  a n t i m i c r o b i a l  
p r o p e r t i e s  o f  th e  albumen a f f o r d e d  th e  organism by th e  
network  s t r u c t u r e  o f  th e  membranes (S to k e s  e t  a l .  1 9 5 6 ) .  
Both o f  th e s e  a r e  d iscussed  below.
Thus in  summary, c o n ta m in a t io n  o f  th e  eggs c o n te n ts  
occurs  when t h e  c u t i c l e ,  s h e l l  and s h e l l  membranes f a i l  
t o  p r e v e n t  m i c r o b i a l  p e n e t r a t i o n  (Mayes and T a k e b a l i  
1 9 8 0 ) .
A n t i m i c r o b i a l  p r o p e r t i e s  o f  t h e  albumen
B a c t e r i a  which p e n e t r a t e  th e  p h y s ic a l  de fences  
d iscussed  above a r e  c o n f r o n te d  by a range o f  albumen  
p r o t e i n s  ( T a b l e  5 )  hav ing  a n t i m i c r o b i a l  p r o p e r t i e s  
( k h o u ry -D o u g h ly , Spencer and V e r s t r a t e  1 9 7 6 ) .  Fresh egg 
w h i t e  added t o  a n u t r i e n t  medium, f o r  example ,  i n h i b i t e d  
th e  growth o f  S. pul Tor um,  t h e  e x t e n t  o f  i n h i b i t i o n  be ing  
d i r e c t l y  p r o p o r t i o n a l  t o  th e  amount o f  added w h i t e  
(L u ts k y  and B e l l  1 9 5 3 ) .
A l thou gh  t h e  a n t i m i c r o b i a l  p r o p e r t i e s  o f  many o f  
th e  p r o t e i n s  i s o l a t e d  from egg albumen have been 
d e m o n s tra ted ,  t h e r e  i s  l i t t l e  doubt t h a t  th e  
u n a v a i l a b i l i t y  o f  i r o n  th roug h  c h e l a t i o n  by 
o v o t r a n s f e r r i n  i s  t h e  c a r d i n a l  impediment t o  b a c t e r i a l  
growth in  albumen (Brooks 1960, Board 1964, T r a n t e r  and 
Board 1 9 8 2 ) .  A d d i t i o n a l l y ) t h e  v e ry  smal l  amounts o f  non­
p r o t e i n  combined n i t r o g e n  (H a in e s  1939, Brooks 1960,
Board and H a l l s  1973)  in  t h e  f r e s h  egg i s  a t  o r  below th e  
l i m i t i n g  t h r e s h o l d  f o r  b a c t e r i a l  grow th .  The a l k a l i n e  pH 
o f  th e  w h i t e  a ls o  c o n t r i b u t e s  t o  th e  a n t i m i c r o b i a l  n a tu r e  
o f  t h e  albumen (B anwart  and Ayres 1 9 5 7 ) .  With  d i f f u s i o n  
o f  C02 from t h e  albumen th roug h  th e  pores in  th e  s h e l l ,  
the  pH o f  th e  h e n ’ s egg albumen changes from pH 7 .6  t o
9 . 4  in  th e  week f o l l o w i n g  o v i p o s i t i o n .  The r a t e  o f
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T a b le  5 .  The a n t i m i c r o b i a l  p r o p e r t i e s  o f  th e  albumen 
pcote ins
P r o t e i n  % o f  t o t a l  B i o l o g i c a l  R e fe re n c e
p r o t e i n  p r o p e r t y




Ovoi nhi bi t o r
F i c i n - P a p a i n  
i nhi bi t o r  
( C y s t a t i n )
A v id in
13 C h e la t e s  di  &
t r i - v a l e n t  ions  
Fe,Cu,Mn e t c .
11 I n h i b i t i o n  o f  
t r y p s i  n
3 .5  H yd ro ly s es  0 1 -4
l i n k a g e  in  
p e p t i d o g l y c a n .  
Complex w i t h  
Ovomuci n
1 .5  A n t i - v i  r a l  
heamagglui n a t io n
Complex w i t h  
Lysozyme
0.1  I n h i b i t s
p ro te a s e s
0 .1  I n h i b i t s
p ro te a s e s
0 .1  C h e l a t i o n  o f  
b i o t i n
Osborne &
Campbell ( 1 9 0 0 )  
Schade &
C a r o l i n e  ( 1 9 4 4 )
N eu m eis te r  ( 1 8 9 0 )  
B a l l s  & Swenson
(1 9 3 4 )  
Lineweaver  &
Murray  (1 9 4 7 )
Laschenko (1 9 0 9 )  
Flemming ( 1 9 2 2 )
A ld e r to n  e t  a l .
(1 9 4 5 )
E ic h h lo z  ( 1 8 9 8 )  
Osborne &
Campbell ( 1 9 0 0 )  
Brooks & H a le
(1 9 5 9 )
Matsushima (1 9 5 8 )
Fossum & W h i ta k e r  
( 1 9 6 8 )
B a r r e t t  ( 1 9 8 1 )
Boas (1 9 2 4 )
E a k in ,  S n e l l  & 
W i l l i a m s  ( 1 9 4 0 )
T h ia m in -  0 .1  C h e l a t i o n  o f  Muniyappa &
b in d in g  p r o t e i n  t h ia m in  Adiga ( 1 9 7 9 )
chang© i s  d e te rm in e d  l a r g e l y  by th e  te m p e ra tu r e  a t  which  
an egg i s  s to r e d  (Sharp  and W h i ta k e r  1 9 2 7 ) .  Most common 
c o n ta m in a n ts  o f  eggs were k i l l e d  in  albumen a d ju s t e d  from  
pH 6 - 8  t o  pH 9 -1 0  (B an w art  and Ayres 1957)  -  t h e  optimum 
pH f o r  th e  growth o f  S a l m o n e l l a  spp. i s  6 . 5  t o  7 . 5  (Chung 
and G o ep fer  1 9 7 0 ) .  The a l k a l i n e  pH o f  t h e  albumen 
a c c e n tu a te s  a ls o  t h e  a n t i m i c r o b i a l  a c t i o n  o f  
o v o t r a n s f e r r i n  (Schade and C a r o l i n e  1 9 4 4 ) .
The s t u c t u r e  o f  th e  albumen, e s p e c i a l l y  th e  
albuminous sac ,  c o n t r i b u t e s  in  2 ways t o  th e  
a n t i m i c r o b i a l  de fe n c e  o f  an egg. I t  ensures  t h a t  th e  
y o lk  in  an egg a t  o v i p o s i t i o n  i s  lo c a te d  c e n t r a l l y  and i t  
impedes b a c t e r i a l  movement ( C o t t e r i l l  and W in t e r  1954,  
Brooks and H a le  1959,  T r a n t e r  and Board 1 9 8 2 ) .  Both o f  
th e s e  a t t r i b u t e s  stem from th e  v i s c o s i t y  o f  th e  albumen 
which i s  due t o  an i n t e r a c t i o n  between lysozyme and 
ovomucin t h a t  i s  a c c e n tu a te d  by a l k a l i n e  c o n d i t i o n s  
(Robinson and Monsey 1972, T r a n t e r  and Board 1 9 8 2 ) .  
Ovomucin c o n s is t s  o f  2 ty p e s  o f  g l y c o p r o t e i n  (Robinson  
and Monsey 1 9 7 5 ) .  The F component ( c a r b o h y d r a te  r i c h )  
i n t e r a c t s  w i t h  lysozyme t o  a g r e a t e r  e x t e n t  th a n  th e  S 
component ( c a r b o h y d r a t e  p o or )  by e l e c t r o s t a t i c  a t t r a c t i o n  
between th e  n e g a t iv e  charges  o f  th e  t e r m i n a l  s i a l i c  a c id  
and th e  p o s i t i v e  charges  o f  th e  l y s l  I - a m i n o  groups o f  
lysozyme (K a to ,  Imoto and Y a g a s h i t a  1 9 7 5 ) .
I t  has been suggested t h a t  in  eggs s to r e d  a t  
te m p e ra tu r e s  >10 °C ,  t h e  growth o f  organisms in  eggs 
occurs  o n ly  when th e  y o lk  makes c o n t a c t  w i t h  th e  i n f e c t e d  
s h e l l  membranes (Board 1 9 6 4 ) .  T h is  occurs  as t h e  r e s u l t
o f  th e  breakdown o f  th e  a lbuminous sac .  The F component  
o f  ovomucin i s  r e le a s e d  w i t h  t im e  and t h e  gel s t r u c t u r e  
o f  th e  a lbuminous sac c o n t r a c t s  and th e  y o lk  f l o a t s  
towards  t h e  s h e l l  membranes (K a to  and S a to  1972, T r a n t e r  
and Board 1 9 8 2 ) .  The r a t e  o f  upwards movement o f  a y o lk  
in  eggs i s  de te rm ined  by t h e  r a t e  o f  lo s s  o f  th e  
v i s c o s i t y  o f  th e  a lbuminous sac (Zagavsky  and L u t ik o v a  
1944, Ayres and T a y l o r  1 9 5 6 ) .  Vadhera e t  a l . ( 1 9 7 0 )  
dem onstra ted  t h a t  i t  was t h e  l o c a t i o n  o f  t h e  n idus  o f  
i n f e c t i o n  r e l a t i v e  t o  t h e  d i r e c t i o n  o f  movement o f  th e  
y o lk  -  i e .  towards th e  a i r  c e l l  in  eggs s t o r e d  broad p o le  
uppermost, which d e te rm in e d  t h e  r a t e  o f  o n s e t  o f  gross  
i n f e c t i o n  o f  th e  albumen. Indeed one may conc lude  from  
t h e  a v a i l a b l e  ev id e n c e  t h a t  i t  i s  t h e  r a t e  o f  decay o f  
t h e  albuminous sac t h a t  u n d e r l i e s  a v e r y  common 
o b s e r v a t i o n ,  namely t h a t  t h e r e  is  a 1 0 -2 0  day la g  between 
s h e l l  p e n e t r a t i o n  and macroscopic  changes in  th e  egg 
c o n te n ts  ( T a b l e  6 ) .  T h is  la g  p e r io d  i s  common t o  r o t -  
p roduc ing  b a c t e r i a  ( G i l l e s p i e  and S c o t t  1950)  and 
s a lm o n e l la s  (B ig la n d  and Papas 1953, S tokes  e t  a 7. 1 9 5 6 ) .
O v o t r a n s f e r r i n
I n i t i a l  c o n tam inan ts  o f  th e  albumen a r e  c o n s id e re d  
t o  remain q u ie s c e n t  f o r  th e  la g  p e r io d  noted  above.  
Quiescence i s  due a lm ost  e n t i r e l y  t o  th e  p r o p e r t i e s  o f  
o v o t r a n s f e r r i n  ( o r i g i n a l l y  termed conalbum in  by Osborne 
and Campbell 1 9 0 0 ) .  The a n t i m i c r o b i a l  a t t r i b u t e  o f  
o v o t r a n s f e r r i n  was f i r s t  re co gn is e d  by Schade and 
C a r o l i n e  ( 1 9 4 4 ) .  They noted growth i n h i b i t i o n  o f
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T a b le  6 .  Time taken  from t h e  p e n e t r a t i o n  o f  th e  s h e l l s  o f  
fresh.-eg-qs-.and th e  o c c u rren ce  o f  gross c o n ta m in a t io n  or  
m acroscopic  changes in  th e  albumen
T e s t  Organisms I n f e c t i o n  Temp ( ° C )  R e fe re n c e
Method (Days )
B a d  7 7us 
p r o d i g i o u s  
pyocyaneus
Pseudomonas
S a I m o n e l l a  
b a r e i 7 7y  
o r a n i e n b e r g  
k e n t u c k y  
t yph i mu r i um
r o t  p ro d u c ers
Ps. o v a l  i s
Sa Imonel  la  
o r a n i e n b e r g  
t y p h 7murium 
mont ev ide o  
p u l  lorum 




R o l le d  in  
fa e c e s  
c o n t a i n i  ng 
t e s t  organism
1 5-18
( 1 5 - 2 0 )
20
( 1 4 )
22
( 6 - 1 6 )
n a t u r a l  & 7 -37
a r t i f i c i a l  ( 1 4 )




P s . a e r u g i n o s a  Immersion
Psuedomonas 
ova 1 i s  
f l u o r e s c e n s
Pseudomonas
Ps. f l u o r e s c e n s
S e r a t i a
marcesens
S. l e x i n g t o n  
S.anat um
Immersion  
Ai r ce l  1£ 
Ai r ce l  1 
Ai r  c e l  1 
Immersion
15
( 7 - 1 1 )
29
( 1 5 )
P s . a e r u g i n o s a  Immersion
20
( 2 1 )
26
( 1 0 - 1 5 )
15
( 2 5 )
20
( 1 3 )
27
( 1 2 - 3 0 )
30
( 1 0 - 1 5 )
22 -25
(1 4 )
2 1 -2 3
(1 5 )
Zagaesky & 
L u t i k o v a ( 1944)
G i l l e s p i e  & 
S c o t t  ( 1 9 5 0 )
B ig la n d  & 
Papas (1 9 5 3 )
Mi 1 l e r  & 
C r a w f o r d ( 1953)
E l l i o t  ( 1 9 5 4 )
S tokes ,O sborne  
& Bayne (1 9 5 6 )
O re l  (1 9 5 9 )
Fromm & Monroe
(1 9 6 0 )
G a r i b a l d i  & 
Bayne (1 9 6 0 )
Brooks (1 9 6 0 )
Board (1 9 6 4 )
Board & Ayres  
( 1 9 6 5 )
R i z k ,  Ayres & 
K r a f t  (1 9 6 6 )
Vadehera e t  
a l .  ( 1970)
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S . e n t e r i t i d i s  A i r  c e l l  25 C la y  & Board
( 1 2 - 3 4 )  (1 9 9 1 )
S . e n t e r i t i d i s  A i r  c e l l  20 Dolman &
( 1 5 )  Board (1 9 9 2 )
+ ,  The number o f  days b e fo r e  th e  occurence o f  gross  
c o n t a m in a t io n  o r  macroscopic  changes in  t h e  albumen
* ,  The eggs were immersed in  a suspension o f  b a c t e r i a
c
, The a i r  c e l l  was lo c a t e d  by c a n d l i n g ,  a h o le  d r i l l e d  in  
t h i s  a r e a  and th e  a i r  c e l l  membrane i n o c u l a t e d  w i t h  t h e  t e s t  
organism
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b a c t e r i a  and y e a s t  in  n u t r i e n t  b r o th  supplemented w i t h  
egg albumen a t  pH 7 . 4  o r  h i g h e r .  I r o n  a lo n e  overcame  
t h i s  i n h i b i t i o n .
O v o t r a n s f e r r i n  be longs t o  a group o f  c l o s e l y  r e l a t e d  
i r o n - b i n d i n g  g l y c o p r o t e i n s  ( t r a n s f e r r i n s )  found in  m i l k ,  
o t h e r  mammalian s e c r e t i o n s ,  serum and a v ia n  egg w h i t e .  A 
common f e a t u r e  o f  th e s e  p r o t e i n s  i s  t h e i r  a b i l i t y  t o  bind  
2 f e r r i c  i r o n  atoms p e r  m o lecu le  (A is e n ,  Leibman and 
R eich  1966)  a t  2 m e t a l - b i n d i n g  s i t e s  (Aasa e t  a 7. 1963)  
s i t u a t e d  a t  t h e  N and C t e r m i n a l  h a lv e s  ( W i l l i a m s  1974,  
Keung e t  a 7. 1 9 8 2 ) .  I t  i s  l i k e l y  t h a t  th e  C t e r m i n a l  
s i t e  has a h i g h e r  a f f i n i t y  f o r  i r o n ,  i t s  b in d in g  a b i l i t y  
b e in g  d e te rm in e d  by pH (A is e n ,  Liebman and Z w e i r  1 9 7 8 ) .  
Schade, R e i n h a r t  and Levy (1 9 4 9 )  dem onstra ted  t h a t  CO2 
was in v o lv e d  in  th e  f o r m a t i o n  o f  i r o n  complexes o f  human 
serum t r a n s f e r r i n .  I t  was b e l i e v e d  t h a t  C02 a c t i v a t e d  
th e  m eta l  b in d in g  s i t e s  (A is e n  e t  a l . 1 9 6 6 ) .  T h e r e f o r e ,  
f o r  each m eta l  ion  bound t o  o v o t r a n s f e r r i n  i n  v i v o  a 
b i c a r b o n a t e  o r  c a rb o n a te  ion b inds  s i m u l t a n e o u s ly ,  
p r o b a b ly  between th e  m eta l  and t h e  p r o t e i n .  T h is  
s t a b i l i z e s  th e  bond and p r o t e c t s  i t  from h y d r o l y s i s  
( W i l l i a m s  and Woodworth 1 9 7 3 ) .  I t  i s  p ro b a b ly  
r e s p o n s ib le  a ls o  f o r  th e  fo r m a t io n  o f  th e  s a lm o n -p in k  
c o l o u r  complex (Warner and Weber 1953, A isen  e t  a l .
1 9 6 6 ) ,  hav ing  maximum a b s o r p t io n  a t  4 0 0 -4 7 0  nm (Schade e t  
a l .  1 9 4 9 ) .  The t r a n s f e r r i n s  form complexes w i t h  o t h e r  
t r a n s i t i o n  m e ta ls ,  f o r  example ,  z in c  (Warner and Weber 
1 9 5 3 ) .  A l l  complexes d i s s o c i a t e  in  a c id  -  <pH 6 . 5  -
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(T e n g e rd y ,  A z a r i  and Tengerdy 1 9 6 6 ) ,  b u t  n o t  in  a l k a l i n e  
c o n d i t i o n s  -  pH 9 -1 0  -  (Tan and Woodworth 1 9 6 9 ) .
O v o t r a n s f e r r i n  i s  proposed t o  e x i s t  i n  3 form s,  
i r o n - f r e e ,  complexed w i t h  one i r o n  ion and complexed w i t h  
2 i r o n  io ns  (A is e n  e t  a l ,  1 9 7 0 ) .  The l a s t  mentioned i s  
t h e  more s t a b l e  s t a t e  w i t h  re g a rd  t o  o r g a n i c  s o l v e n t s ,  
h ig h  p r e s s u re  and d e n a t u r a t i o n  by h e a t  ( A z a r i  and Feeney
1 9 6 1 ) .
The u n a v a i l a b i l i t y  o f  i r o n  through c h e l a t i o n  by 
o v o t r a n s f e r r i n  i s  th e  main impediment t o  t h e  growth o f  
b a c t e r i a  in  albumen (Schade and C a r o l i n e  1944,  Brooks  
1960,  G a r i b a l d i  1 9 6 0 ) .  Indeed Board, Hendon and Board  
( 1 9 6 8 )  no ted  t h a t  t h e  a d d i t i o n  o f  i r o n  t o  an i n f e c t e d  egg 
s h e l l  membrane promoted e x t e n s i v e  b a c t e r i a l  
m u l t i p l i c a t i o n  and heavy i n f e c t i o n  o f  th e  albumen. I t  
has been observed a l s o  t h a t  where n a t u r a l l y  o r  
a r t i f i c i a l l y  i r o n - c o n t a m i n a t e d  wash w a te r  was used, gross  
i n f e c t i o n  o f  th e  egg c o n t e n t s  o c curred  r a p i d l y  ( G a r i b a l d i  
and Bayne 1 9 6 0 ) .
N e i l a n d s  (1 9 7 4 )  s t a t e s  t h a t  " L i f e  o f  any form  
w i t h o u t  i r o n  i s  in  a l l  l i k e l i h o o d  im p o s s ib le " .  I r o n  has 
been found t o  be in v o lv e d  in  p r a c t i c a l l y  e v e r y  a s p e c t  o f  
growth and m etab o l ism .  I t ’ s r e a l  im portance  in  m ic r o b ia l  
l i f e  i s  i t s  r o l e  as a c o - f a c t o r  in  enzyme r e a c t i o n s .  For  
example i r o n  a c t s  as a c a t a l y s t  in  th e  a e r o b ic  m etabol ism  
o f  common carbon sources  and in  th e  s y n t h e s is  o f  growth  
enzymes (Coughlan 1 9 7 1 ) .  Gram n e g a t iv e  b a c t e r i a  r e q u i r e  
f rom 0 . 0 2  -  0 .1  p g /F e /m l  ( 0 . 3 6  - 1 . 8  pm) t o  m a in t a in  
g ro w th .  Thus d e f i c i e n c y  o f  i r o n  g e n e r a l l y  r e s u l t s  in
p a r t i a l  o r  complete  i n h i b i t i o n  o f  growth (Rowe-Byers and 
Arceneaux 1 9 7 6 ) .  The i r o n  c o n te n t  o f  eggs ranges from  
1 .76  t o  2 . 4 4  mg/100g, th e  mean i r o n  c o n te n t  o f  albumen 
being 0 .0 0 2 8  mg/100g (Johnston  1 9 5 6 ) .
Due t o  th e  extrem e i n s o l u b i l i t y  o f  f e r r i c  i r o n  a t  
a l k a l i n e  pH’ s ,  however, a e r o b ic  and f a c u l t a t i v e  organisms  
may be f o r c e d  t o  s y n t h e s iz e  a f f i n i t y  systems f o r  t h e  
a c q u i s i t i o n  o f  i r o n  from th e  e n v iro n m e n t .  A t  f r e e  i r o n  
c o n c e n t r a t io n s  o f  below 1 M9» e i t h e r  hydroxymates o r  
p h e n o la te s  a r e  s y n th e s iz e d  -  N e i la n d s  ( 1 9 7 4 )  proposed th e  
genera l  te rm ,  s i d e r o p h o r e s . G a r i b a l d i  (1 9 7 0 )  s p e c u la te d  
t h a t  organisms would e x c r e t e  i r o n - b i n d i n g  compounds t o  
negate  th e  p r o p e r t i e s  o f  o v o t r a n s f e r r i n  in  eggs .  He 
surmized t h a t  th e s e  i r o n  t r a n s p o r t  compounds d i f f u s e d  
i n t o  th e  albumen and scavenged i r o n  th e r e b y  f a c i l i t a t i n g  
b a c t e r i a l  m u l t i p l i c a t i o n .  For example pseudomonads 
p r o d u c t io n  o f  f lu o r e s c e n c e  in  albumen ( E l l i o t  1954)  has 
been c o n s id e re d  to  be a s s o c ia t e d  w i t h  th e  scaveng ing  o f  
i r o n  ( G a r i b a l d i  1 9 7 0 ) .  A lthough such c la im s  have been 
made, T r a n t e r  and Board (1 9 8 2 )  were unab le  t o  dem onstra te  
th e  presence o f  i r o n - b i n d i n g  compounds in  albumen.
S a l m o n e l l a  spp. s y n t h e s iz e  i r o n  s e q u e s t e r in g  agents  
o f  th e  ty p e s  noted above. These a r e  e x c r e te d  under low 
i r o n  c o n c e n t r a t io n s  ( P o l l a c k  and N e i la n d s  1970)  and t h e i r  
p r o d u c t io n  i s  r e g u la t e d  by th e  amount o f  c e l l - a s s o c i a t e d  
i r o n  (M c In to s h  and E a r h a r t  1 9 7 7 ) .  The p h e n o la te  
s id e r o p h o r e ,  e n t e r o c h e l i n  ( O ’ B r ie n  and Gibson 1 9 7 0 ) ,  i s  a 
c y c l i c  t r i e s t e r  c o n s i s t i n g  o f  3 re s id u e s  o f  2 - 3  
d ih y d r o x y -N -b e n z o y 1s e r i n e  (Rowe-Byers and Arceneaux
1 9 7 6 ) .  I f  S a l m o n e l l a  spp. a r e  grown in  an i r o n  d e f i c i e n t  
medium, a r a p id  i n t r a c e l l u l a r  a c cu m u la t io n  o f  t h e  e le m en t  
occurs  in  th e  f i r s t  2 hours o f  growth .  L i t t l e  up take  
occurs  d u r in g  th e  e x p o n e n t ia l  phase. Thus t h e  c e l l u l a r  
i r o n  c o n t e n t  g r a d u a l l y  decreases  w i t h  each g e n e r a t i o n .  
When th e  l e v e l  f a l l s  below 400 ng/mg (d r y  w e ig h t )  o f  
c e l l s ,  t h e  s im u l ta n e o u s  o n s e t  o f  th e  s y n t h e s is  o f  3 o u t e r  
membrane p o ly p e p t id e s  and e n t e r o c h e l i n  occurs  (M c In to s h  
and E a r h a r t  1 9 7 7 ) .
The u p take  o f  i r o n  by s a lm o n e l la s  r e q u i r e s  th e  
s y n th e s is  o f  s e v e r a l  s p e c i f i c  p r o t e i n s  by th e  organism .  
These in c l u d e  th e  enzymes r e q u i r e d  f o r  th e  s y n t h e s is  o f  
e n t e r o c h e l i n  i t s e l f  (Young, Cox and Gibson 1 9 6 7 ) ,  th e  
o u t e r  membrane p r o t e i n s  r e q u i r e d  f o r  b in d in g  t h e  i r o n -  
e n t e r o c h e l i n  complex ( I c h i h a r a  and Muzushima 1 9 7 7 ) ,  th e  
p r o t e i n s  r e q u i r e d  f o r  th e  t r a n s l o c a t i o n  o f  t h i s  complex  
to  th e  c y top lasm  (Cox e t  a l .  1970)  and th e  c y to p la s m ic  
p r o t e i n s  r e q u i r e d  t o  r e l e a s e  i r o n  from th e  complex  
(O ’ B r i e n ,  Cox and Gibson 1 9 7 1 ) .  Once t r a n s p o r t e d  th e  
c h e l a t e  p ro b a b ly  remains w i t h i n  th e  c e l l  pool o f  
a v a i l a b l e  i r o n ,  be ing reduced o r  r e le a s e d  by e n zy m at ic  
h y d r o l y s i s  o f  th e  c h e l a t i n g  a g e n t  (Rowe-Byers and 
Arceneaux 1 9 7 6 ) .  G a r i b a l d i  ( 1 9 7 0 )  noted t h a t  th e  
a d d i t i o n  o f  i r o n  t r a n s p o r t  compounds to  albumen 
p e r m i t t t e d  s a lm o n e l la s  t o  e v e n t u a l l y  reach dense  
p o p u la t i o n s  a t  growth prom oting te m p e ra tu r e s  (Weinberg  
1 9 7 9 ) .  The te m p e ra tu r e  p r o b a b ly  d e te rm in e s  th e  amount o f  
i r o n  r e q u i r e d  f o r  growth a n d /o r  s u r v i v a l  o f  th e  organism  
( P e r r y  and Weinberg 1 9 7 3 ) .  For example ,  S. t yphi mur i um
has a reduced r a t e  o f  e n t e r o c h e l i n  s y n t h e s is  a t  42 °C,  
l e a d in g  t o  an im pairm ent  in  t h e  o rg a n ism ’ s a b i l i t y  to  
grow (Worsham and Konisky 1 9 8 4 ) .  I n f a c t ,  many Gram 
n e g a t iv e  b a c t e r i a  have reduced growth r a t e s  a t  e l e v a t e d  
t e m p e ra tu r e s  u n le ss  th e  growth medium i s  supplemented  
w i t h  i r o n  ( G a r i b a l d i  1 9 7 2 ) .  I t  has been concluded t h a t  
growth a t  e l e v a t e d  t e m p e ra tu r e s  a f f e c t s  th e  e x p r e s s io n  o f  
th e  genes which d e te rm in e  th e  r a t e  o f  e n t e r o c h e l i n - i r o n  
t r a n s p o r t  in  c e l l s  under i r o n  s t r e s s  (Worsham and Konisky
1 9 8 4 ) .  A ls o ,  th e  lower  th e  m e ta b o l ic  growth r a t e  -  eg.  
a t  reduced te m p e ra tu r e s  (8  °C )  -  th e  g r e a t e r  th e  decrease  
in  e n t e r o c h e l i n  p r o d u c t io n  ( P e r r y  and Weinberg 1 9 7 3 ) .
T h is  e f f e c t  o f  te m p e ra tu r e  may have a b i o l o g i c a l  r o l e  in  
enhancing t h e  a n t i m i c r o b i a l  d e fence  o f  eggs a t  o r  near  
th e  b i r d ’ s body te m p e ra tu r e  o f  42 °C
The p a t h o g e n i c i t y  o f  an organism in v i v o  may depend 
upon i t s  a b i l i t y  t o  o b t a i n  i r o n  h e ld  by t r a n s f e r r i n .  
I n f a c t ,  an adequate  p r o d u c t io n  o f  i r o n  c h e l a t o r s  by the  
organism may be e s s e n t i a l  f o r  v i r u l e n c e  ( M i l e s  and Khim j i
1 9 7 5 ) .  The e x c r e t i o n  o f  i r o n  b in d in g  compounds may be 
r e l a t e d  d i r e c t l y  t o  t h e i r  degree  o f  v i r u l e n c e  ( B u l l e n ,  
Rogers and G r i f f i t h s  1 9 7 8 ) .
A l though some workers  (e g .  T r a n t e r  and Board 1982)  
have c o n s id e re d  t h a t  s id e r o p h o r e s  p la y  no r o l e  in  th e  
i n f e c t i o n  o f  egg c o n t e n t s ,  o b s e r v a t i o n s  made a t  t h e  end 
o f  t h i s  s tudy  (p 1 3 5 )  suggest  t h a t  t h i s  t o p i c  needs  
r e i  n v e s t i  g a t i  o n .
The hen, immunity and S a l m o n e l l a  ssm-
A n t ib o d y  t r a n s f e r  occurs  from th e  hen t o  th e  egg 
(Rose, O r la n s  and B u t t r e s s  1 9 7 4 ) .  In  1901 D z ie r jg o w s k i  
found t h a t ,  a f t e r  i n j e c t i n g  hens w i t h  d i p t h e r i a  
a n t i t o x i n s ,  a n t i b o d i e s  passed i n t o  th e  y o lk s  o f  t h e i r  
eggs. These were found t o  be c o n c e n t r a te d  in  th e  w a te r  
s o lu b le  f r a c t i o n  o f  th e  y o l k .  Hens have a ls o  produced  
eggs c o n t a i n i n g  a n t i b o d i e s  t o  bovine  serum a lbumin (BSA)
2 days a f t e r  be ing  i n j e c t e d  w i t h  BSA ( P a t t e r s o n  e t  a l .
1 9 6 2 ) .  T r a n s f e r  c o n t in u e d  f o r  up t o  280 days po st  
im m u n iza t io n .  In  o t h e r  words, th e  t r a n s f e r  o f  a n t ib o d y  
from hen t o  eggs may c o n t in u e  th ro u g h o u t  a complete  
l a y i n g  season (Buxton 1 9 5 2 ) .  Rose e t  a l .  ( 1 9 7 4 )  s t a t e d  
t h a t  m inute  amounts o f  a n t ib o d y  occur  in  egg w h i t e  a l s o .
Chicken serum c o n ta in s  3 c la s s e s  o f  immunoglobul ins  
IgM, IgG ( L e s l i e  and Clem 1969)  and IgA (Lebacq-  
Verheyden,  Vaerman and Heremans 1 9 7 2 ) .  IgA i s  found in  
c h icken  serum a t  a c o n c e n t r a t io n  o f  0 . 3 3  mg/ml, l e s s  than  
4% o f  th e  t o t a l  immunoglobulin p r e s e n t  compared t o  IgM a t  
2 .5 5  mg/ml. IgA is  th e  major  immunoglobulin component in  
ch icken  b i l e  and i n t e s t i n a l  s e c r e t i o n s .  I t  i s  no t  found  
in  s a l i v a ,  t e a r s  o r  seminal f l u i d  ( Lebacq-Verheyden e t  
a l .  1972, 1 9 7 4 ) .  As most S a l m o n e l l a  s e ro ty p e s  a re  
c o n f in e d  m a in ly  t o  th e  a l i m e n t a r y  t r a c t ,  i t  i s  c o n s id e re d  
t h a t  IgA p la y s  an im p o r ta n t  r o l e  in  t h e i r  c le a r a n c e  from  
t h i s  s i t e  (Barrow 1 9 9 1 ) .
Serum gamma g l o b u l i n  i s  t r a n s f e r r e d  by th e  f o l i c u l a r  
e p i t h e l i u m  o f  th e  o v ary  t o  th e  d e v e lo p in g  ova ( P a t t e r s o n  
e t  a l .  1 9 6 2 ) .  T r a n s f e r  p r o b a b ly  occurs  d u r in g  th e  4 -5
51
days p re c e d in g  o v u l a t i o n ,  i e .  d u r in g  th e  most r a p id  
growth phase o f  o v u le s  ( P a t t e r s o n  e t  a 7. 1 9 6 2 ) .  The 
c o n c e n t r a t i o n  o f  a n t i b o d i e s  in  th e  y o lk  i s  much le s s  than  
t h a t  in  th e  serum albumin (Buxton 1 9 5 2 ) .
E l i s a  systems have been deve loped  t o  d e t e c t  IgG 
a n t i b o d i e s  t o  S . e n t e r i t i d i s  and S . t y p h i m u r i u m  in  th e  y o lk  
o f  h e n s ’ eggs (N ic h o la s  and Andrews 1991, D a d ra s t ,
Hesketh  and T a y l o r  1 9 9 0 ) .  A p o s i t i v e  c o r r e l a t i o n  between  
i n f e c t i o n  w i t h  s a lm o n e l la s  and a h igh  E l i s a  r e a d in g  has 
been foun d .  McLeod and Barrow ( 1 9 9 1 ) ,  f o r  example ,  
dem onstra ted  t h a t  o n ly  30 eggs were r e q u i r e d  t o  i d e n t i f y  
an i n f e c t e d  f l o c k  in  which t h e  b i r d s  showed no e v id e n c e  
o f  i n f e c t i o n .  I t  would appear  from o t h e r  s t u d i e s ,  
however, t h a t  b i r d s  c a r r y i n g  a n t i b o d i e s  f rom  p re v io u s  
s a lm o n e l l a  i n f e c t i o n s  have u n d e t e c t a b le  l e v e l s  in  th e  
y o lk  ( N ic h o l a s  and Andrews 1 9 9 1 ) .  D a d r a s t ,  Hesketh and 
T a y l o r  (1 9 9 0 )  suggest  t h a t  S . e n t e r i t i d i s  may grow in  th e  
y o lk  d e s p i t e  h igh  l e v e l s  o f  c i r c u l a t o r y  a n t i b o d i e s  in  th e  
s e r a  o f  t h e  hen and hence th e  y o l k .
I t  i s  a ls o  p o s s ib le  t h a t  a n t i - s i d e r o p h o r e  r e c e p t o r  
a n t i b o d i e s  e x i s t .  These b lo c k  s id e r o p h o r e -m e d ia t e d  i r o n  
u p take  and th e r e b y  i n h i b i t  b a c t e r i a l  m u l t i p l i c a t i o n  under  
i r o n - r e s t r i c t e d  c o n d i t io n s  ( G r i f f t h s  e t  a l . 1 9 8 5 ) .  The 
a n t ib o d y  in v o lv e d  i s  no t  c o n s id e re d  t o  be s e c r e t o r y  IgA,  
as i t  has not  been shown t o  enhance th e  g r o w t h - i n h i b i t o r y  
e f f e c t s  o f  l a c t o f e r r i n  (Samson, M i r t e l e  and M c C le l la n d  
1 9 7 9 ) .  Normal human serum does c o n t a i n ,  however,  
e n t e r o c h e l i n - s p e c i f c  immunoglobulin -  f o r  example serum 
i n h i b i t i o n  o f  S. typhi mur i um was a l l e v i a t e d  by th e
a d d i t i o n  o f  i r o n - f r e e  e n t e r o c h e l i n  (Yancey,  B reed ing  and 
Lankford  1 9 7 9 ) .
In  f e r t i l i z e d  eggs from v a c c in a te d  hens, a n t i b o d i e s  
pass from th e  y o lk  t o  th e  embryonic  serum from th e  11*^  
day o f  embryogenesis  onwards. These a n t i b o d i e s  a re  
c o n s id e re d  t o  be absorbed from th e  y o lk  th rough th e  
v i t e l l i n e  membrane and h e p a t i c  p o r t a l  c i r c u l a t i o n  and no t  
v i a  th e  y o lk  s t a l k  o r  i n t e s t i n e  (Buxton 1 9 5 2 ) .
A n t ib o d ie s  may d i f f u s e  outward through th e  weakened 
v i t e l l i n e  membrane i n t o  th e  albumen as th e  u n f e r t i l i z e d  
egg ages (Kramer and Cho 1 9 7 0 ) .
B i r d s  which had been exposed t o  Fusar ium  m ycotoxin  
( T 2 ) had s i g n i f i c a n t l y  reduced r e s i s t a n c e  t o  c o l o n i z a t i o n  
w i t h  s a lm o n e l la s  (Jones e t  a 7 . * 1 9 9 1 ) .  The number o f  
Salmone7 la - p o s i t i v e  b i r d s  d im in is h e d  as th e  b i r d s  aged 
( M o r r is  e t  a l . 1 9 6 9 ) .  T h is  was a t t r i b u t e d  t o  a n t ig e n  
s p e c i f i c  IgA p r e v e n t in g  th e  adhesion o f  b a c t e r i a  o r  
v i r u s e s  t o  r e c e p to r s  on th e  s u r f a c e  o f  i n t e s t i n a l  
e p i t h e l i a l  c e l l s .  Hens p r e v i o u s l y  exposed t o  Fusar ium  
m a in ta in e d  an immune response and t r a n s f e r r e d  i t  
p a s s i v e l y  t o  t h e i r  c h ic k s  by s e c r e t i o n  i n t o  th e  egg 
c o n te n ts  in  th e  o v id u c t  (S c h a t  and Myers 1 9 8 9 ) .
The c o n t r i b u t i o n s  o f  IgM and IgA in  th e  defence  
system o f  th e  hen a re  l a r g e l y  unknown. F o u r - d a y - o ld  
c h ic k s  c h a l le n g e d  w i th  S . t y p h i m u r i u m  F98 d id  no t  m a n i f e s t  
s ig n s  o f  d is e a s e .  Even so th e  organism was e x c r e t e d  f o r  
s e v e r a l  weeks. T i t r e s  o f  serum IgG, IgM and IgA rose  
w i t h i n  a few days o f  i n f e c t i o n  and peaked a t  4 weeks.
The IgM t i t r e  rose q u ic k e r  than  those  o f  IgA o r  IgG. The
c o n c e n t r a t i o n  o f  IgM and IgA decreased a f t e r  a few weeks 
bu t  th e  IgG t i t r e  p e r s i s t e d .  T i t r e s  o f  IgA were h i g h e r  
th a n  those  o f  IgM o r  IgG in  i n t e s t i n a l  washings and b i l e .  
Th ere  was no e v id e n c e  o f  IgG in  b i l e  (Hassan 1 9 9 1 ) .
Turkeys  v a c c in a te d  w i t h  i n a c t i v a t e d  S . h a d a r  produced  
h ig h  l e v e l s  o f  IgG a n t ib o d y .  I t  was passed t o  th e  egg 
and u l t i m a t e l y  t o  th e  d e v e lo p in g  p o u l t s  d u r in g  
i n c u b a t i o n .  P r o t e c t i o n  a g a i n s t  i n f e c t i o n  o f  th e  hatched  
p o u l t s  was g r e a t e r  than  t h a t  e x h i b i t e d  by p o u l t s  hatched  
f rom t h e  eggs o f  u n v a c c in a te d  hens ( T h a i n ,  W i ld i n g  and 
C u l l e n  1 9 8 4 ) .  Turkey  c h ic k s  c h a l l e n g e d  w i t h  i n a c t i v a t e d  
S . t y p h i m u r i u m  (1 x 104 -  8 x 107/ b i r d )  a t  m a t u r i t y  had a 
marked r e s i s t a n c e  t o  subsequent i n f e c t i o n  and no 
m o r b i d i t y  was reco rd ed  ( T r u s c o t t  1 9 8 1 ) .
Kawakiama, Osawa and M its u h a s h i  (1 9 6 6 )  a t te m p te d  t o  
i s o l a t e  th e  f a c t o r s  in  l i v e  v a c c in e  which p r o t e c t e d  t h e  
h o s t  f rom i n f e c t i o n  by a v i r u l e n t  s t r a i n  o f  
S . e n t e r i t i d i s .  They surmised t h a t  l i v e  b a c t e r i a  may 
c o n t a i n  immunizing s u b s t a n c e ( s ) , p o s s ib ly  a h e a t  l a b i l e  
p r o t e i n  (T o x in  L ) ,  which i s  l o s t  in  v a c c in e  p r o d u c t io n .  
The e f f i c a c y  a t t a i n e d  us in g  t h e  t o x i n - L  f o r  im m u n iza t io n ,  
however,  enhanced p r o t e c t i o n  bu t  n o t  t o  th e  l e v e l  o f  t h a t  
o f  a l i v e  v a c c i n e .  They deduced t h a t  some o t h e r  f a c t o r  
must be in v o lv e d .  Mice a d m in i s te r e d  l i v e  v a c c in e s  
i n t r a v e n o u s l y  o r  i n t r a g a s t r i c a l l y  deve loped an a n t i -  
s a lm o n e l l a  immunity g r e a t e r  than  those  g ive n  a t t e n u a t e d  
v a c c in e s  v i a  t h e  same ro u te s  ( C o l l i n s  and C a r t e r  1 9 7 2 ) .
I t  became e v i d e n t  a ls o  t h a t  f u l l  immunity was o n ly  
induced i f  th e  1 ip o p o l y s a c c h a r id e  o f  th e  mouse t y p h o id
c e l l  had com ple te  O -a n t ig e n  s id e  c h a in s  (G erm an ie r  1 9 7 2 ) .  
C h a r t  e t  a l .  ( 1 9 9 0 )  c on f i rm ed  t h i s  o b s e r v a t i o n  in  c h ic k s .  
They observed t h a t  b i r d s  i n f e c t e d  n a t u r a l l y  w i t h  
S . e n t e r i t i d i s  PT 4 had a n t i b o d i e s  o f  t h e  IgG c la s s  bound 
t o  S . e n t e r i t i d i s  1 ip o p o ly s a c c h a r id e  a n t ig e n  O ( 1 2 ) .
These b i r d s  produced eggs con tam ina ted  w i t h  
S . e n t e r i t i d i s .
In  g e n e ra l  l i v e  a t t e n u a t e d  v a c c in e s  a re  c o n s id e re d  
t o  produce b e t t e r  immunity than  dead ones. M i ts u s h a i  e t  
a l .  ( 1 9 6 6 )  ach ie v e d  a s t ro n g  immunity by immunizing mice  
w i t h  l i v e ,  h i g h l y  v i r u l e n t  S . e n t e r i t i d i s .  The c e l l s  in  
th e  l i v e r ,  subcutaneous t i s s u e  and p e r i t o n e a l  c a v i t y  
e x h i b i t e d  immune a c t i v i t y .  Indeed th e y  were c a p a b le  o f  
supp ress ing  i n t r a c e l l u l a r  p r o l i f e r a t o n  and d ig e s te d  th e  
organism in  th e  absence o f  immune s e r a .  T h is  was deemed 
t o  be a form o f  c e l l u l a r  immunity, as in  c o l l a b o r a t i o n  
w i t h  complement and lysozyme, i t  suppressed th e  growth o f  
S . e n t e r i t i d i s  in v i t r o .  Benjamin e t  a l .  ( 1 9 9 1 )  used a 
S a l m o n e l l a  s e ro ty p e  i s o l a t e d  from an e g g -a s s o c ia te d  
o u tb re a k  o f  human s a l m o n e l l o s is  ( S t  Louis  e t  a l . 1988) t o  
immunize (2  doses o f  3 x 106 and 6 x 107/ c h i c k )  one-w eek-  
o ld  leghorn  c h ic k s .  S a l m o n e l l a  was c le a r e d  r a p i d l y  and 
th e  number o f  organisms in  th e  l i v e r  and sp le e n  was 
<0.0001% o f  th e  i n i t i a l  inoculum a f t e r  17 days. The 
e x t e n t  o f  p r o t e c t i o n  appeared t o  be r e l a t e d  d i r e c t l y  t o  
th e  s i z e  o f  th e  i n i t i a l  im m unizat ion  dose. They 
concluded t h a t  an id e a l  v a c c in e  would be a h i g h l y  
v i r u l e n t ,  a t t e n u a t e d  in v a s iv e  mutant  o f  S . e n t e r i t i d i s .
Im m u n iza t io n  a g a i n s t  in v a s iv e  c o l o n i z a t i o n  i s  one 
means o f  p r e v e n t in g  th e  spread o f  S . e n t e r i t i d i s  f rom  
p o u l t r y  t o  eggs (Ben jam in  e t  a l . 1991, N a g a ra ja  e t  a l .  
1 9 9 1 ) .  The i n i t i a l  c o n t r o l  o f  s a l m o n e l l o s i s  in  hens 
p r o b a b ly  l i e s  in  an improved u n d e rs ta n d in g  o f  th e  gu t  
a s s o c i a t e d  lymphoid t i s s u e  (GALT). Indeed t h e  i n f e c t i o n  
o f  hens w i t h  S . e n t e r i t i d i s  may n o t  be c o n t r o l l e d  
im m u n o lo g ic a l ly  u n t i l  f a c t o r s  c o n t r i b u t i n g  t o  i n t e s t i n a l  
immunity  a r e  un de rs too d .  I t  i s  g e n e r a l l y  a g re e d ,  
however ,  t h a t  th e  b e s t  immunogen a g a i n s t  i n f e c t i o n  w i th  
i n v a s i v e  s a lm o n e l la s  i s  a l i v e  v a c c in e  t h a t  e l i c i t s  
p r o t e c t i v e  c e l l u l a r  immunity ( C o l l i n s  e t  a l . 1 9 6 6 ) .
P r i t c h a r d  e t  a l .  ( 1 9 7 8 )  have proposed t h e  f o l l o w i n g  
a t r i b u t e s  o f  an id e a l  v a c c in e :
( 1 ) .  The v a c c in e  r e q u i r e s  s t r o n g  p r o t e c t i o n  a g a i n s t  
i n t e s t i n a l  p re s s u re s  such as g u t  pH.
( 2 ) .  The v a c c in e  should produce a pro longed  p r o t e c t i o n .
( 3 ) .  The mass a d m i n i s t r a t i o n  o f  th e  v a c c in e  should  be
p o s s i b l e  i e .  v i a  w a t e r ,  food o r  o r a l  s p r a y .
( 4 ) .  The y a c c i n a t i o n  should  r e s u l t  in  r e s i d u a l  v i r u l e n c e  
t r a n s f e r a b l e  by v e r t i c a l  t r a n s m i s s i o n .
( 5 ) .  The v a c c in e  should  n o t  reduce growth r a t e .
( 6 ) .  The v a c c in e  must be e f f e c t i v e  a g a i n s t  i n f e c t i o n  a t
th e  t im e  o f  im m uniza t ion  i e .  c o n fe r  immediate  p r o t e c t i o n .
( 7 ) .  The v a c c in e  must have a degree  o f  c ross  p r o t e c t i o n  
a g a i n s t  o t h e r  s e r o ty p e s .
( 8 ) .  The v a c c in e  should  c o n t a i n  a g e n e t i c  m arker  t o  
d i s t i n g u i s h  i t  from w i l d  t y p e s .
( 9 ) .  V a c c i n a t i o n  should  be c o m p a t ib le  w i t h  and 
complementary t o  c o m p e t i t i v e  e x c l u s i o n ,  and a n t i b i o t i c s  
employed f o r  growth p rom ot ion .
( 1 0 ) .  The development o f  problems analogous t o  those  o f  
a n t i b i o t i c  r e s i s t a n c e  should be a v o id e d .
S t a r v a t i o n  S u r v i v a l  and N u t r i t i o n a l  Immunity
In  t h e  work rev iew ed ( p 3 0 - 4 2 )  and summarized in  
T a b le  6 ,  p h y s i o l o g i c a l l y  f i t  organisms were used. In  
p r a c t i c e  th e  h e n ’ s egg may w e l l  be i n f e c t e d  w i t h  
p h y s i o l o g i c a l l y  damaged, p h e n o t y p i c a l ! y  m a la d ju s te d  o r  
q u ie s c e n t  organism s.
Kochan (1 9 7 7 )  found t h a t  th e  a d d i t i o n  o f  i r o n  o r  
s id e r o p h o r e s  t o  th e  blood o f  a n im a ls  promoted b a c t e r i a l  
grow th .  T h is  le d  him t o  d e f i n e  a novel a s p e c t  o f  th e  
a n t i m i c r o b i a l  de fence  in  a n im a ls ,  " n u t r i t i o n a l  im m unity" .  
He i d e n t i f i e d  t r a n s f e r r i n  in  b lood ,  l a c t o f e r r i n  in  m i l k  
and o v o t r a n s f e r r i n  in  egg albumen as c a u s a t i v e  agents  o f  
t h i s  s t a t e .
A p a r t  from o v o t r a n s f e r r i n , egg w h i t e  c o n ta in s  
s e v e r a l  o t h e r  p r o t e i n s  (T a b le  5 ) ,  a v i d i n  ( c h e l a t i o n  o f  
b i o t i n ) ,  ovomucoid ( i n h i b i t i o n  o f  t r y p s i n ) ,  t h i a m i n -  
b in d in g  p r o t e i n  and o v o f l a v o p r o t e i n  (b in d s  r i b o f l a v i n ) ,  
which cou ld  w e l l  c o n t r i b u t e  t o  n u t r i t i o n a l  immunity. The 
co m b in a t io n  o f  th e s e  p r o t e i n s  may w e l l  induce  
con ta m in a n ts  o f  th e  albumen to  e n t e r  th e  s t a r v a t i o n -  
s u r v i v a l  s t a t e .
A l l  organism s,  i n c l u d i n g  b a c t e r i a ,  have one aim -  
th e y  s t r i v e  t o  r e t a i n  v i a b i l i t y  in  o r d e r  t o  c r e a t e  
progeny ( M o r i t a  1982) d e s p i t e  e n v i ro n m e n ta l  s t r e s s e s .
The e n v iro n m e n t  commonly imposed on b a c t e r i a  in  th e  
l a b o r a t o r y  has led  t o  seven s ta ge s  o f  b a c t e r i a l  l i f e  
being  i d e n t i f i e d :  i n i t i a l  s t a t i o n a r y ,  la g  o r  growth  
a c c e l e r a t i o n ,  l o g a r i t h m i c  grow th ,  n e g a t iv e  growth  
a c c e l e r a t i o n ,  s t a t i o n a r y  phase, a c c e l e r a t e d  dea th  and 
l o g a r i t h m i c  dea th  (Buchanan 1 9 1 8 ) .  M ic r o b i o lo g y  
t e x tb o o k s  have condensed th e s e  i n t o  t h r e e  o r  f o u r  s ta g e s ,  
l a g ,  e x p o n e n t i a l ,  s t a t i o n a r y  and th e  dea th  o r  d e c l i n e  
phase. The l a s t  mentioned i s  th e  most im p o r t a n t  one in  
s t a r v a t i o n  s u r v i v a l .
Growth i s  s p o r a d ic  in  t h e  n a t u r a l  env iro n m e n t  
( M o r i t a  1 9 8 2 ) ,  a p e r io d  o f  u n s t a b le  growth may be 
f o l lo w e d  by s t a r v a t i o n  (Dawes 1 9 8 4 ) .  Indeed in  a n a t u r a l  
e n v i ro n m e n t  n u t r i e n t - l i m i t e d  growth i s  p r o b a b ly  th e  
normal s t a t e  ( C o lw e l l  1 9 9 1 ) .  C onsequent ly  a m a jor  p a r t  
o f  th e  t o t a l  m ic r o b ia l  biomass in  a s t r e s s e d  e nv ironm e nt  
w i l l  be made up o f  c e l l s  in  a s t a t e  o f  qu ie se n ce  o r  
suspended a n im a t io n  (Lew is  and G a t t i e  1 9 9 1 ) .  I t  i s  th e s e  
organisms in  th e  b i o l o g i c a l  s t a t e  o f  "no growth" ( M o r i t a
1982) r a t h e r  than  those  grown under id e a l  l a b o r a t o r y  
c o n d i t i o n s  (C o lw e l l  1991, Reeve, Bockman and M a t in  1984,  
M o r i t a  1988,  M o r i t a  1982)  which can be c o n s id e re d  to  
resemble  t h e  common c e l l  c o n d i t i o n  (N o v i t s k y  and M o r i t a
1 9 7 6 ) .  B a c t e r i a  must, t h e r e f o r e ,  possess p h y s i o l o g i c a l  
o r  m o rp h o lo g ic a l  a t t r i b u t e s  in  o r d e r  to  s u r v i v e  such 
e n v i r o n m e n ta l  s t r e s s e s  as pH e x t rem es ,  d e s i c c a t i o n ,
n u t r i e n t  l i m i t a t i o n ,  adv e rs e  te m p e ra tu re s  e t c .  ( S c h u l t z  
and M a t in  1 9 8 8 ) .  C l a s s i c a l l y  th e  b a c t e r i a l  endospore or  
c y s t  was i d e n t i f i e d  as a d a p t a t io n s  t o  t i d e  organisms ov e r  
p e r io d s  o f  s t r e s s  ( H i r s c h  e t  a 7. 1 9 7 9 ) .  C u r r e n t l y  i t  i s  
b e g in n in g  t o  be re c o g n is e d  t h a t  s u b t l e  ammendments o f  
c e l l  p h y s io lo g y  and s t r u c t u r e  w i t h o u t  gross  changes in  
morphology c o n fe r  p r o t e c t i o n  on many organisms  
( K j e l l e b e r g ,  Humphrey and M a rs h a l l  1983, H a rd e r  and 
D i j k h u i z e n  1 9 8 3 ) .
S t a r v a t i o n  s u r v i v a l  i s  v i t a l l y  im p o r t a n t  as i t  
p r o v id e s  a means o f  s u r v i v a l  o f  th e  s p e c ie s  in  n a tu re  
(Amy and M o r i t a  1 9 8 3 ) .  A s i n g l e  v i a b l e  c e l l  s u r v i v i n g  in  
a s t r e s s e d  e nv ironm e nt  -  i e .  in  th e  absence o f  an energy  
y i e l d i n g  s u b s t r a t e  ( M o r i t a  1 9 8 2 ) ,  i s  a l l  t h a t  i s  r e q u i r e d  
f o r  th e  e x p re s s io n  o f  i t s  genome when th e  e n v iro n m e n ta l  
c o n d i t i o n s  become more f a v o u r a b le  ( M o r i t a  1982, Amy and 
M o r i t a  1983) and th e  p e r p e t u a t i o n  o f  th e  s p e c ie s  (Sussman 
and H a lv ers o n  1 9 6 6 ) .
Every s p e c ie s  o f  b a c te r iu m  must have a low n u t r i e n t  
t h r e s h o l d .  I t  d i c t a t e s  an o rg a n ism ’ s a b i l i t y  to  remain  
v i a b l e  o r  e n t e r  th e  q u ie s c e n t /d o r m a n t  s t a t e  (Sussman and 
H a lv e rs o n  1 9 6 6 ) .  Organisms w i t h  a v e ry  low n u t r i e n t  
t h r e s h o l d  w i l l  have a s e l e c t i v e  advantage through  t h e i r  
a b i l i t y  t o  u t i l i z e  s c a r c e  e n e r g y - y i e l d i n g  s u b s t r a t e s  when 
th e s e  become a v a i l a b l e  (Dawes 1 9 7 6 ) .  The m ic r o b ia l  
growth r a t e  w i l l  be d e te rm in e d  by th e  a b i l i t y  o f  an 
organism  t o  t r a n s p o r t  t h e  n u t r i e n t  in  g r e a t e s t  demand a t  
an a p p r o p r i a t e  r a t e ,  o r  t o  use i t s  r e s e r v e  poo ls  o f  t h a t  
n u t r i e n t  ( M a r t i n  and Mcleod 1 9 8 4 ) .  To a c h ie v e  t h i s
s t a t e ,  such organisms r e q u i r e  e f f e c t i v e  t r a n s p o r t  systems  
and low m aintenance e n e r g ie s  (Koch 1 9 7 9 ) .
M i c r o b i a l  s u r v i v a l  s t r a t e g i e s
A p o p u la t i o n  o f  c e l l s  may respond in  one o f  f o u r  
ways t o  th e  o n se t  o f  s t a r v a t i o n :  numbers o f  v i a b l e  c e l l s  
may remain unchanged, th e  c e l l s  may in c r e a s e  in  number 
b e fo r e  d e c l i n i n g  t o  a c o n s ta n t  p o p u la t i o n  s i z e ,  c e l l s  may 
in c r e a s e  in  number and then remain c o n s t a n t ,  o r  decrease  
in  number t o  a low er  p o p u la t i o n  s i z e  (Amy, P a u l in g  and 
M o r i t a  1983,  M o r i t a  1 9 8 5 ) .
An i n i t i a l  in c r e a s e  in  c e l l s  number d u r in g  e a r l y  
s t a r v a t i o n  i s  accomplished u s u a l l y  by f r a c t i o n a t i o n  o f  
e x i s t i n g  c e l l s  i n t o  s m a l l e r  ones i e .  d i v i s i o n  w i t h o u t  
growth ( K j e l l b e r g  and Hermasson 1 9 8 4 ) .  F r a c t i o n a t i o n  -  
m i n i t u r i z a t i o n  o r  d w a r f in g  -  i s  a common response in  many 
b a c t e r i a  (G o t ts c h a l  1 9 9 2 ) .  The f o r m a t i o n  o f  such c e l l s  
r e s u l t s  in  an in c r e a s e d  s u r f a c e  a r e a  t o  volume r a t i o .
T h is  may w e l l  a id  th e  a c q u i s i t i o n  o f  s u b s t r a t e s  (Koch 
1979, M o r i t a  1 9 8 2 ) .  F r a c t i o n a t i o n  le a d s  t o  cont inuous  
s i z e  r e d u c t io n  and, should  adverse  c o n d i t i o n s  p e r s i s t ,  
death  ( K j e l l e b e r g  e t  a l . 1 9 8 3 ) .  M a r in e  organisms a re  
n o t a b le  f o r  f r a g m e n t a t i o n  ( T o r e l l a  and M o r i t a  1981) and 
a r e  commonly r e f e r r e d  t o  as u l t r a m i c r o c e l 1s (N o v i ts k y  and 
M o r i t a  1 9 7 6 ) .  Hood e t  a 7. ( 1986) no ted  t h a t  upon 
s t a r v a t i o n ,  V i b r i o  c h o l e r a e  c e l l s  became more cocco id ,  
l o s i n g  90X o f  t h e i r  o r i g i n a l  volume in  30 days. A l l  
g r a n u le s  and i n c l u s i o n  bodies were l o s t  as w e l l  as the  
d i s t i n c t  3 - l a y e r e d  n a t u r e  o f  th e  o u t e r  and c e l l
membranes. The n u c le a r  r e g io n  became condensed i n t o  th e  
c e n t r e  o f  th e  c e l l .  The c e l l  w a l l  formed an extended or  
c o n v o lu te d  s t r u c t u r e  and t h e  p e r i p l a s m i c  space was 
e n la r g e d .  The r ibosomal s t r u c t u r e s ,  however, e x h i b i t e d  
no a p p a r e n t  change.
Koch ( 1 9 7 9 )  s t a t e s  t h a t  t h e r e  a r e  two a l t e r n a t i v e  
s t r a t e g i e s  f o r  t h e  s u r v i v a l  o f  organisms fa c ed  w i t h  
s t a r v a t i o n  c o n d i t i o n s .  I n  one case an organism r a p i d l y  
consumes th e  a v a i l a b l e  r e s o u rc e s  and then  moves t o  a new 
h a b i t a t ,  chem otaxis  be ing  im p o r ta n t  in  t h i s  process  
( p 6 9 ) .  In  t h e  second an organism  becomes adapted t o  a 
s i t u a t i o n  where t h e r e  i s  a c o n t i n u a l  renewal o f  re so urces  
a t  v e ry  low c o n c e n t r a t i o n s .  These must t h e r e f o r e  be 
u t i l i z e d  e f f i c i e n t l y .  For  example C a u l o b a c t e r  e x i s t  in  
e n v ironm ents  where both n u t r i e n t  and t o t a l  b a c t e r i a l  
counts  a r e  low. They a d a p t  by p rod uc ing  an e lo n g a te d  
c e l l  appendage -  p ro s th e c a  ( S t a l e y  1 9 6 8 ) .  T h is  i s  
produced as an i n t e r u p t i o n  t o  t h e  c e l l  c y c l e  in  low 
n u t r i e n t  c o n d i t i o n s .  The c e l l  c y c l e  does no t  c o n t in u e  
u n t i l  th e  r a t e  o f  n u t r i e n t  u p take  by th e  p r o th e c a  s i g n a l s  
th e  presence  o f  s u f f i c i e n t  n u t r i e n t s  t o  s u p p o r t  i t s  
c o m p le t io n .  Meanwhi le  c e l l u l a r  m etabol ism  proceeds a t  a 
minimal r a t e  ( P o i n d e x t e r  1 9 7 9 ) .
The o n se t  o f  s t a r v a t i o n  may a ls o  i n i t i a t e  in t e n s e  
m e ta b o l ic  a c t i v i t y  ( K j e l l b e r g  e t  a 7. 1 9 8 4 ) .  In  p r a c t i c e  
p r o t e i n  s y n t h e s is  is  r e q u i r e d  t o  i n a c t i v a t e  energy  
w a s t in g  enzymes and p r o v id e  a pool o f  f r e e  amino a c id s  
(Reeve e t  a 7. 1984)  in  o r d e r  t o  s y n t h e s iz e  th e  enzymes 
r e q u i r e d  s p e c i f i c a l l y  f o r  s t a r v a t i o n  c o n d i t io n s
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(Mandelstam 1958) and t o  pro long  v i a b i l i t y  ( S c h u l t z  and 
M a t in  1 9 8 8 ) .  Rates  o f  p r o t e i n  d e g r a d a t io n  and s y n th e s is  
in  s ta r v e d  c e l l s  a r e  u s u a l l y  b a la n c e d .  T h is  would 
suggest  t h a t  p r o t e i n  d e g r a d a t io n  i s  th e  m ajor  source o f  
th e  pool o f  amino a c id s  (Mandelstam 1 9 5 8 ) .  For example,  
th e  on se t  o f  carbon s t a r v a t i o n ,  induces th e  s y n t h e s is  o f  
a p p r o x im a t e ly  30 p r o t e i n s  in  E s c h e r i c h i a  c o l i ,  many o f  
which a re  not  s y n th e s iz e d  d u r in g  normal growth (G r o a t  e t  
a l . 1 9 8 6 ) .  These a r e  th e  enzymes in v o lv e d  in  th e  c a p tu r e  
o f  th e  r e q u i r e d  n u t r i e n t  (M a t in  e t  a 7. 1 9 8 9 ) .  The 
e n e r g y - y i e l d i n g  mechanism t h e r e f o r e  remains i n t a c t  in  
s t a r v e d  c e l l s  ( N o v i t s k y  and M o r i t a  1 9 7 8 ) .
The c o m pos i t ion  o f  th e  c e l l  enve lop e  may be 
a l t e r e d  a ls o  under d i f f e r e n t  growth c o n d i t io n s  
(L u g ten b e rg  e t  a 7. 1 9 7 6 ) .  Scanning e l e c t r o n  m icrographs  
have shown an in c r e a s e  in  s u r fa c e  roughness o f  s ta rv e d  
c e l l s  ( K j e l l e b e r g  and Hermasson 1 9 8 4 ) .  Such changes in  
th e  components o f  th e  c e l l  enve lopes  may a f f e c t  c e l l  
p h y s io lo g y  and e v e n tu a l  s u r v i v a l  o r  death  o f  th e  organism  
(Chai 1 9 8 3 ) .  Thus in  low n u t r i e n t  env ironm ents  i t  i s  
e s s e n t i a l  t h a t  organisms have mechanisms f o r  th e  uptake  
o f  s o l u t e s  and io n s .  These systems must respond  
im m e d ia te ly  to  t h e  sudden o c c urren ce  o f  n u t r i e n t s .  The 
i n t e g r i t y  and f u n c t i o n s  o f  th e  c y to p la s m ic  membrane, 
t h e r e f o r e ,  must be m a in ta in e d  d u r in g  s t a r v a t i o n  (Dawes 
1 9 8 5 ) .
Heat  shock p r o t e i n s
A l l  organisms i n v e s t i g a t e d  t o  d a te  a r e  c a p a b le  o f  
responding  t o  e n v i ro n m e n ta l  s t r e s s  by in d u c in g  th e  
s y n t h e s is  o f  a smal l  s e t  o f  p r o t e i n s  (Watson 1 9 8 9 ) .  
J e n k in s ,  S c h u l t z  and M a t in  (1 9 8 8 )  e s t a b l i s h e d  t h a t  those  
induced by g lucose  o r  n i t r o g e n  s t a r v a t i o n  in  E . c o l i  a ls o  
p r o v id e d  c ross  p r o t e c t i o n  t o  h e a t  and H20 2 . The degree  
o f  r e s i s t a n c e  in c re a s e d  w i t h  th e  d u r a t i o n  o f  c e l l  
s t a r v a t i o n .  Four hours p ro v id e d  th e  maximum p r o t e c t i o n .  
T h i r t y  p r o t e i n s  were s y n th e s iz e d  d u r in g  g lucose  
s t a r v a t i o n  and th e s e  p ro v id e d  r e s i s t a n c e  t o  h e a t  o r  H20 2 
a l s o .
M i c r o b i a l  " h e a t  shock" p r o t e i n s  may be induced by 
o t h e r  e n v i ro n m e n ta l  s t r e s s e s  such as e t h a n o l ,  a r s e n i t e ,  
heavy m e ta l s ,  a m in o -a c id  a n a lo g u e s ,  o x i d a t i v e  agents  o r  
a n a e r o b io s i s  (Watson 1 9 8 9 ) .  Many o f  th e s e  t r e a tm e n ts  a re  
c o n s id e re d  t o  induce t h e  a c c u m u la t io n  o f  damaged, 
d e a n i l i n e d  o r  im p r o p e r ly  f o l d e d  p r o t e i n s .  I t  i s  th e  
g e n e r a t i o n  o f  th e s e  p r o t e i n s  caused by e n v i ro n m e n ta l  
s t r e s s e s  t h a t  has been proposed as th e  m a jor  t r i g g e r  f o r  
t h e  in d u c t io n  o f  " h e a t  shock" p r o t e i n s  (H ig h to w e r  1 9 8 0 ) .
firyatie.. growth
S u r v iv a l  may occur  th roug h  th e  phenomenon o f  c r y p t i c  
grow th .  T h a t  i s  a p r o p o r t i o n  o f  a p o p u la t i o n  d i e s ,  lyses  
and r e l e a s e s  n u t r i e n t s  t o  s u p p o r t  th e  growth o f  o th e r s  
( P o s t g a t e  1 9 7 6 ) .  T h is  c o n d i t i o n  was f i r s t  d e s c r ib e d  by 
Ryan ( 1 9 5 9 ) .  S a l m o n e l l a  e n t e r i t i d i s  i s  a b le  t o  grow on 
th e  p ro d u c ts  r e le a s e d  by dead c e l l s  and has a r e l a t i v e l y
long h a l f  l i f e  compared w i th  o t h e r  c o l i f o r m  organism s.  
T h is  may r e s u l t  in  s i g n i f i c a n t l y  lo n g e r  s u r v i v a l  t im e s  
v i z  it v i z  o t h e r  c o l i f o r m s  or  i n d i c a t o r  drganisms o f  
f a e c a l  c o n ta m in a t io n  in  n a t u r a l  h a b i t a t s ,  f o r  example,  
s o i l  o r  w a te r  ( D r u i l h e t  and Sobek 1 9 7 6 ) .
To summarize, n a t u r a l  env ironm ents  e x e r t  s t ro n g  
s e l e c t i v e  p r e s s u r e s .  In  o r d e r  t h a t  th e  organism  
s u r v i v e s ,  i t  must e v o lv e  mechanisms t o  r e s t r i c t  damage to  
t h e  c e l l  and t o  ensure  growth when t h e  amount o f  g ro w th -  
l i m i t i n g  s u b s t r a t e  exceeds th e  l i m i t i n g  t h r e s h o ld  
(Veldkamp and Jannasch 1 9 7 2 ) .  Thus t h e  organism w i 11 
need t h e  a b i l i t y  t o  in c r e a s e  th e  r a t e  o f  t r a n s p o r t  o f  a 
n u t r i e n t  when i t s  c o n c e n t r a t io n  becomes growth l i m i t i n g .  
In d e e d ,  th e  organism  must in c r e a s e  t h e  i n i t i a l  r a t e  o f  
m etab o l ism  o f  t h e  accumulated n u t r i e n t  when i t s  
i n t r a c e l l u l a r  c o n c e n t r a t io n  i s  low, and must have th e  
a b i l i t y  t o  r e a r r a n g e  th e  chemical c o m p o s i t io n  o f  i t s  
c e l l u l a r  s t r u c t u r e s  by r e d i r e c t i n g  m e t a b o l i t e s  which  
c o n t a i n  t h e  l i m i t i n g  n u t r i e n t  (H a r d e r  and D i j k h u i z e n
1 9 8 3 ) .
Y la b l e . o.r....nc>.n-y ia b le
An e a r l y  response t o  s t a r v a t i o n  i s  t h e  lo ss  o f  
c u l t u r a b i 1 i t y  on agar  (Rozak and C o lw e l l  1987)  -  T a b le  7.  
V i a b i l i t y  has been d e f in e d  as th e  " c a p a c i t y  t o  form  
c o l o n i e s  on ag a r  medium s u i t a b l e  f o r  th e  growth o f  
organisms and n o n - v i a b l e  when t h i s  a b i l i t y  i s  lo s t "  
( C o l w e l l  1 9 9 1 ) .  T h is  i s  an u n s a t i s f a c t o r y  d e f i n i t i o n ,  
however, as P o s tg a te  (1 9 7 6 )  observed t h a t  b a c t e r i a  may
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T a b le  7 .  S e l e c t e d ..c h a r a c te r . i s i t i c s , o f  Yjable_.bii .t_.nonz  
c u l t u r a b l e  b a c t e r i a *
C u l t u r e 1 No growth on o r  in  s ta n d a rd  c u l t u r e  media
2 Resumption o f  growth under a p p r o p r i a t e  
c o n d i t io n s
Cytology 1 C e l l s  appear  i n t a c t  when s t a i n e d  by 
A c r i d i n e  Orange a n d / o r  A n t ig e n  
s p e c i f i c  f lu o ro c h ro m e
2 C e l l s  a r e  s u b s t r a t e  re s p o n s iv e
3 C e l l s  may undergo changes in  s i z e  ( V7’z  
s m a l l e r )  a n d /o r  shape ( V7*z ro u n d e r )
*  Grimes e t  a l . ( 1 9 8 6 )
lo se  t h e i r  a b i l i t y  to  m u l t i p l y  but  remain b i o l o g i c a l l y  
f u n c t i o n a l  e n t i t i e s .  Thus an organism i s  v i a b l e  i f  i t  i s  
c a p a b le  o f  r e p r o d u c t io n  in  " o p t i m a l " c o n d i t io n s  
( P o s t g a t e ,  Crumpton and H unter  1 9 6 1 ) .  The lo ss  o f  
c u l t u r a b i 1 i t y  i s  a r e v e r s i b l e  c o n d i t i o n ,  un less  
s t a r v a t i o n  o r  some o t h e r  s t r e s s  p e r s i s t s  (Rozak and 
C o lw e l l  1 9 8 7 ) .
The t im e  r e q u i r e d  f o r  th e  i n i t i a t i o n  o f  c e l l  growth  
i s  r e l a t e d  d i r e c t l y  to  th e  le n g th  o f  th e  s t a r v a t i o n  
p e r io d  (Amy e t  a l . 1 9 8 3 ) .  Recovery i s  a ls o  dependent  
upon th e  number o f  v i a b l e  c e l l s  rem a in ing  in  a n ic h e  (Amy 
e t  a 7. 1983) .
S u b s t r a t e  A c c e le r a t e d  Death
Growth o f  s t re s s e d  organisms may be p re v en ted  by 
some component o f  a s e l e c t i v e  c u l t u r e  medium which would  
n o rm a l ly  s u p p o r t  u n s tre s se d  organisms (N ob le  1 9 3 5 ) .  In  
f a c t  " l u x u r i a n t "  media may cause n u t r i t i o n a l  shock to  
organisms (Buck 1 9 7 7 ) .  P o s tg a te  and H unter  (1 9 6 3 )  s t a t e  
t h a t  a p o p u la t i o n  exposed t o  a re co ve ry  medium "may y i e l d  
dead c e l l s  and t h a t  t h i s  may be termed s u b s t r a t e  
a c c e l e r a t e d  d e a th " .  T h a t  i s  growth s u b s t r a t e s  may 
a c c e l e r a t e  th e  death  o f  c e l l s  in  a p o p u la t io n  from a low 
n u t r i e n t  env ironm ent  ( P o s tg a te  & H unte r  1 9 6 3 ) .  T h is  
phenomenon i s  due p ro b a b ly  t o  th e  f a c t  t h a t  s u r v i v a l  in  a 
s t r e s s e d  env ironm ent  re nde rs  organisms h y p e r s e n s i t i v e  to  
m ild  s t r e s s e s  and ones t o  which the y  would not  n o rm a l ly  
r e a c t  (P o s tg a t e  and H unter  1 9 6 3 ) .  C la r k  & Ordal ( 1 9 6 9 )  
observed t h a t ,  when compared w i t h  l a b o r a t o r y  c u l t u r e s ,
i n j u r e d  S a l m o n e l l a  c e l l s  dem onstra ted a marked d i f f e r e n c e  
in  t h e i r  a b i l i t y  t o  grow on s o l i d  s e l e c t i v e  media  
n o r m a l ly  used f o r  t h e i r  i s o l a t i o n  and i d e n t i f i c a t i o n .
The e f f e c t  o f  n u t r i e n t s  in  th e  re co ve ry  medium 
depends upon th e  phase o f  growth d u r in g  which the  
organisms were s t r e s s e d ,  th e  ty p e  and i n t e n s i t y  o f  
s t r e s s ,  th e  growth c o n d i t i o n  b e f o r e  s t r e s s ,  th e  
p r o p e r t i e s  o f  th e  p a r t i c u l a r  s t r a i n  o f  organism in v o lv e d  
and th e  c y t o l o g i c a l  impact on i n j u r e d  p o p u la t io n s  (Mossel  
and Van N e t te n  1 9 8 4 ) .
I t  was suggested t h a t  th e  f o l l o w i n g  be c o n s id e re d  
f o r  th e  d e t e c t i o n  o f  s t r e s s e d  organism s. Damage t o  th e  
c y to p la s m ic  membrane may cause organisms t o  become 
t e m p o r a r i l y  s u s c e p t i b l e  t o  many s e l e c t i v e  compounds in  
media .  Thus th e  c e l l  must have a p e r io d  in  which t o  
r e p a i r  b e fo r e  exposure t o  s e l e c t i v e  p r e s s u re s .  I t  must 
be remembered, however, t h a t  a s u r v i v i n g  p o p u la t io n  w i l l  
c o n t a in  u n in j u r e d  c e l l s .  These w i l l  m u l t i p l y  f i r s t  
th e r e b y  masking th e  presence o f  s t r e s s e d  ones. P l a t i n g  
methods f o r  i n d i c a t o r  organisms can be seen t h e r e f o r e  to  
have s e ve re  l i m i t a t i o n s  (Rozak and C o lw e l l  1 9 8 7 ) .  T h is  
i n d i c a t e s  th e  need f o r  a more d i r e c t  method t o  d e t e c t  th e  
presence  o f  s t r e s s e d  m ic ro -o rg a n is m s  ( C o lw e l l  1 9 9 1 ) .  
In deed th e  d i f f e r e n c e  between p l a t e  ( v i a b l e )  count  and 
d i r e c t  count  has been w i d e ly  noted ( T a b le  8 ) .
V a r io u s  methods have been deve loped f o r  th e  
enum erat ion  o f  v i a b l e  organisms (T a b le  9 ) .  E a r ly  
e x p e r im e n ts  dem onstra ted  a d i f f e r e n c e  between th e  number 
o f  l i v i n g  organisms and th e  t o t a l  number o f  c e l l s  in  a
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T a b le  8 .  A h i s t o r y  o f  th e  d e t e c t i o n  o f  h ig h e r  numbers o f  
c e l l s  by d i r e c t  count than  by p l a t e  count ( v a r i o u s  methods)
R e fe re n c e  Method
1898 Wi n t e r b e r g Thoma-Zeiss Chamber
1900 K l e i n A n i l i n e  G e n t ia n  V i o l e t
1901 Hehworth ii ii
1906 Z e l i  kow Dye a b s o r p t i o n / c a l o r i m e t e r
1932 B u tk e v ic h D i r e c t  microscope counts
1938 B utkev i  ch ii ii ii
1954 Wade & Morgan T o lu d in e  Blue
1959 Jannasch & Jones M ethy lene  blue/membrane f i l t e r
1979 H i r s h  e t  a l . •i •• ii
1979 Kogure e t  a l  . * N a l i d i x i c  a c id  & Y e a s t  e x t r a c t
1983 Amy e t  a l . E p i f 1uorescence
1986 R o l l i n s  & C o lw e l l E p i f 1uorescence & D i r e c t  count
1991 Byrd e t  a l . A c r i d i n e  Orange/Kogure method*
T a b le  9 .  Methods used in  d i r e c t  v i a b l e  counts
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Method V a r i a t i o n R eference
P l a t i n g , M i l e s  & 
M is r a  R o l l  tu b e s ,  
MPN
P o s tg a te  ( 1 9 6 1 )
S l i d e  In c u b a t i o n Annul us and agar P o s tg a te  & 
H unter  ( 1 9 6 3 )  
Zaske e t  a 7. 
( 1 9 8 0 )
C e l lo p h a n e  on agar Powell (1 9 5 6 )
N a l i d i x i c  a c id  & 
Ye a st  e x t r a c t
S eaw ater  sample Kogure e t  a l . 
(1 9 7 9 )
A c r i d i n e  O range /  
N ucleopore  
f i  I t e r s
N a t u r a l  w a te r s
Hobbie (1 9 7 7 )  
F ra n c is c o  e t  a l .  
(1 9 7 3 )
M ethy lene  Blue Y e a s t  v i a b i l i t y Lee e t  a l .  (1981 ) 
V a i r o  (1 9 6 1 )
T o lu d in e  Blue V i t a l  s t a i n Wade & Morgan 
(1 9 5 4 )
E p i f l u o r e s c e n t  
Microscopy
F l u o r e s c e n t  
a n t i  body
Xu e t  a 7. ( 1 9 8 2 )  
Amy e t  a 7 . ( 1 9 8 3 )
M a la c h i t e
G re e n - IN T
A c t i v e  b a c t e r i a Dutton  e t  a l .  
( 1 9 8 3 )
Trypan Blue V i t a l  s t a i n  
Tumour c e l l s  
P l a n t  N u c le i
Pappenheimer
(1 9 1 7 )
Hoskin e t  a l .
( 1 9 5 6 )
Gurr  ( 1 9 6 5 )
F is h  c e l l s Hoi 1 ( 1965)
•
Mouse c e l l s
G a s t r i c  c e l l s
B a c t e r i a l  c e l l  
v i a b i l i t y
Sawicki  e t  a l .
( 1 9 6 7 )
Brus & Glass  
( 1 9 7 3 )
D e r e n iz  & 
Schechtman (1973
B a c t e r i a l  c e l  1 
v i a b i l i t y
P h i l l i p s  ( 1 9 7 3 )
B a c t e r i a l  c e l l  
v i  a b i 1 i t y
Anon (1 9 9 1 )
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b r o th  c u l t u r e  (W i ls o n  1 9 2 2 ) .  For example, K le in  ( 1 9 0 0 )  
appears  t o  have been one o f  t h e  f i r s t  t o  r e a l i z e  th e  
im portance  o f  th e  d i r e c t  count  in  t h i s  c o n t e x t .  T h is  
form o f  d e t e c t i o n  ( d i r e c t  count  m icroscopy)  has led  to  
counts  200 t o  5 ,0 0 0  t im e s  h i g h e r  than  p l a t e  counts  
(B u t k e v ic h  1 9 3 2 ) .  I t  was concluded t h a t  a p r o p o r t i o n  o f
t h e  b a c t e r i a  must have been p r e s e n t  in  th e  r e s t i n g  s ta g e
(B u tk e v ic h  and B u tk e v ic h  1 9 3 6 ) .
T h is  r e v ie w  has p re s e n te d  an o u t l i n e  o f  c o n d i t io n s  
t h a t  m ig h t  induce t h e  f o r m a t i o n  o f  S a l m o n e l l a  s o m n ic e l l s .
The i n f l u e n c e  o f  s t a r v a t i o n  on th e  b e h a v io u r  o f  
S . e n t e r i t i d i s  and i t s  s o m n ic e l l s  in  albumen from hens* 
eggs has never  been d iscussed  in  th e  l i t e r a t u r e .  The 
p r e s e n t  s tudy  sought  t o  remedy t h i s  om is s io n .
ghsma-taxi s ..in .the hen’ s egg
When th e  c o n t e n ts  o f  a h e n ’ s egg become contam inated  
o v i d u c a l l y  o r  by t h e  t r a n s - s h e l l  r o u t e ,  th e  organisms may 
p e r s i s t  bu t  no t  m u l t i p l y  in  t h e  albumen f o r  upwards o f  2 -  
3 weeks (Brooks 1960, T a b le  6 ) .  D ur ing  t h i s  p e r io d  
changes in  y o lk  s t r u c t u r e  may le a d  t o  th e  loss  o f  
n u t r i e n t s  t o  th e  albumen (Humphrey 1 9 9 1 ) .  Some workers  
have contended t h a t  c o n ta m in a n ts  may grow as a 
consequence o f  such a d d i t i o n  o f  n u t r i e n t s  " n e g a t in g  th e  
i n h i b i t o r y  p r o p e r t i e s  o f  t h e  albumen" (Humphrey 1 9 9 1 ) .
Another  s e n a r i o  i s  worthy  o f  c o n s i d e r a t i o n  a ls o ,  namely 
t h a t  lo ss  o f  n u t r i e n t s  from th e  y o lk  e s t a b l i s h e s  a
g r a d i e n t  t h a t  induces a c h e m o ta c t ic  response in  th e  
contami n a n t s .
To d e f e r  e n t r y  i n t o  a q u ie s c e n t  s t a t e ,  an organism  
may e x p l o i t  chemotaxis  t o  seek n u t r i e n t s  in  a new n ic h e .  
Chemotaxis i s  th e  movement o f  an organism tow ards  o r  away 
from a chemical  substance  (H a z e lb a u r  and P a rk ins on  1 9 7 7 ) .  
I n i t i a l  s t u d i e s  (Englemann 1883, P f e f f e r  1884, 1888,
1904) le d  t o  th e  c o n c lu s io n  t h a t  t h e  a t t r a c t i o n  o f  
b a c t e r i a  t o  s p e c i f i c  compounds was t h e  r e s u l t  o f  th e  
p a r t i c u l a r  q u a l i t i e s  o f  th e  a t t r a c t a n t .  P r i m a r i l y  
chem otax is  serves  2 f u n c t i o n s :  as a f o o d -s e e k in g  
mechanism ( A l d e r  1 9 6 9 ) ,  and a method f o r  a v o id in g  t o x i c  
o r  u n fa v o u r a b le  env ironm ents  (H a z e lb a u r  and P a rk ins on
1 9 7 7 ) .  A ld e r  (1 9 6 9 )  deve loped an assay based on th e  work 
o f  P f e f f e r  ( 1 8 8 4 , 1 8 8 8 ) .  T h is  q u a n t i t a t i v e  assay  
te c h n iq u e  measured th e  degree o f  chem otax is  by the  
a c c u m u la t io n  o f  organisms in  a c a p i l l a r y  c o n t a i n i n g  an 
a t t r a c t a n t .  The b a c t e r i a  in  th e  tube  were enumerated by 
th e  p l a t e  count method.
B a c t e r i a l  chem otaxis  occurs  as a 2 s te p  process:
( 1 )  t h e  d e t e c t i o n  o f  changes in  c o n c e n t r a t i o n  o f  an 
a p p r o p r i a t e  compound, and ( 2 )  t h e  m o d u la t io n  o f  the  
tumble g e n e r a t o r .
1 t
I n  t h e  f i r s t  in s ta n c e  chemosensors m o n i to r* i
g r a d i e n t s .  T h is  r e q u i r e s  t h a t  th e  organism d e t e c t s  th e  
presence o f  a compound and d e te rm in e s  i t s  c o n c e n t r a t io n  
r e l a t i v e  t o  p re v io u s  env ironm ents  (H a z e lb a u r  and 
P a rk ins on  1 9 7 7 ) .  Chemotaxis o p e r a te s  ov e r  a l i m i t e d  
range o f  c o n c e n t r a t io n s  -  th e  "response range" (M esibov ,
Ordal  and A ld e r  1973) -  which ex tend  from th e  " th r e s h o ld  
c o n c e n t r a t io n "  -  th e  lo w e s t  c o n c e n t r a t io n  t o  g iv e  a 
response,  and th e  " s a t u r a t i n g  c o n c e n t r a t io n "  -  th e  l e v e l  
beyond which b a c t e r i a  cannot  d e t e c t  any h ig h e r  
c o n c e n t r a t io n s  ( A ld e r  1 9 7 3 ) .  I t  would appear  t h a t  
chem oreceptors  a re  lo c a te d  on th e  o u ts i d e  o f  th e  c e l l  
( A l d e r  1 9 6 9 ) .  O rgan ic  ch e m ic a ls  such as amino a c id s ,  
o l i g o p e p t i d e s ,  sugars  and c a r b o x y l i c  a c id s  (MacNab 1976)  
a c t  by b in d in g  t o  s p e c i f i c  r e c e p to r s  and i n i t i a t i n g  a 
process p a r t i c u l a r  t o  t h a t  c h e m ic a l .  These s i g n a l s  
emanate from th e  r e v e r s i b l e  m e th y la t io n  o f  a c c e p t in g  
r e c e p t o r s / t r a n s d u c e r s  o f  th e  membrane, as a r e s u l t  o f  
e x t e r n a l  b in d in g  o f  th e  a t t r a c t a n t  (MacNab 1 9 7 6 ) .  The 
r e s u l t  i s  a c o n fo rm a t io n a l  change a t  an a l l o s t e r i c  
b in d in g  s i t e .  The r e c e p t o r  then  t r a n s m i t s  i n f o r m a t io n  
about  i t s  c o n fo rm a t io n  through a s s o c i a t i o n  w i t h  a n o th e r  
m acrom olecu lar  component in  th e  membrane (MacNab 1 9 7 8 ) .
S ix  s o l u b l e  p r o t e i n s  (Che) a re  r e q u i r e d  f o r  
c h e m o ta c t ic  s i g n a l l i n g  in  S. t y ph i m ur i um .  CheR and CheB 
a re  in v o lv e d  in  s ig n a l  a d a p t a t i o n  o f  th e  m e th y l - a c c e p t i n g  
chem otaxis  p r o t e i n s ,  and CheA, CheW, CheY and CheZ, which  
a re  necessary  f o r  i n t e g r a t i n g  and t r a n s m i t t i n g  th e  s ig n a l  
from th e  r e c e p t o r s  t o  th e  f l a g e l l a  motor (Matsumara e t  
a 7. 1 9 9 0 ) .  S a l m o n e l l a  typhi mur i um  possesses 3 c a r d i n a l  
r e c e p t o r s  o r  i n t e r a c t i n g  r e c e p to r s  f o r  amino a c id s  -  f o r  
a s p a r t a t e ,  s e r i n e  and a l a n i n e  c la s s e s  (M e l to n  e t  a 7.
1 9 7 8 ) ,  w i t h  th e  most a t t r a c t i v e  amino a c id s  being those  
which can a c t  as a s o le  carbon source (Bochner and 
Saveageau 1 9 7 7 ) .  R e p e l l e n t s  induce responses a t  h ig h e r
c o n c e n t r a t io n s  than a t t r a c t a n t s  (MacNab 1 9 7 6 ) .  Changes 
in  t h e  occupancy o f  th e  r e c e p t o r  s i t e  can be r e l a t e d  
d i r e c t l y  t o  th e  swimming b e h a v io u r  (Berg  and Tedesco  
1 9 7 5 ) .
I n  th e  absence o f  s t i m u l i ,  b a c t e r i a  swim in  a 3-D  
random p a t t e r n  (Berg and Brown 1 9 7 2 ) .  Tumbling i s  a 
random e v e n t .  B a c t e r i a  moving up a g r a d i e n t  e x h i b i t  
g r e a t e r  mean run le n g th s  ( i e .  l e s s  tu m b le s )  th a n  those  
n o t  exposed t o  a g r a d i e n t .  Thus c h e m o ta c t ic  m i g r a t i o n  i s  
a c h ie v e d  by t h e  c o n t r o l  o f  t h e  run l e n g t h ,  r a t h e r  than  
t h e  v e l o c i t y  o f  th e  organism (H a z e lb a u r  and P a rk ins on
1 9 7 7 ) .  The tu m b l in g  f re q u e n c y  i s  moderated by a s w i tc h  
which c o n t r o l s  w hether  o r  n o t  th e  f l a g e l l a  r o t a t e  
c o u n t e r - c l o c k w i s e  -  f o r  swimming, o r  c lo c k w is e  -  f o r  
tu m b l in g  (O rd a l  1 9 7 6 ) .  The tu m b l in g  f re q u e n c y  i s  th e  
most i m p o r t a n t  f a c t o r  in  th e  t a c t i c  response o f  b a c t e r i a  
(Meada e t  a 7. 1 9 7 6 ) .
A d i v a l e n t  c a t i o n ,  such as Mg2+ bound t o  th e  above
noted  s w i t c h ,  causes swimming. I n  i t s  absence th e
b a c te r iu m  tu m b les .  In c r e a s e d  tu m b l in g  caused by
?+r e p e l l e n t s  may h i n d e r  access o f  Mg t o  t h e  s w i t c h .  
A t t r a c t a n t s  would seem t h e r e f o r e  t o  cause th e  in c re a s e d  
access o f  Mg2+ t o  th e  s w i tc h  (O rda l  1 9 7 6 ) .
Tumbling f re q u e n c y  i s  a f f e c t e d  by many t e m p e r a t u r e -  
dependent f a c t o r s .  For example ,  t h e  change in  f l u i d i t y  
o f  E . c o l i  c e l l  membrane caused by a l t e r i n g  l i p i d  
c o m p o s i t io n  d id  not  a f f e c t  th e  te m p e r a tu r e  dependence or  
swimming speed o f  th e  organism s, but  r e s u l t e d  in  a 
d r a s t i c  change in  th e  te m p e ra tu r e  dependency o f  th e
c h e m o ta c t ic  response.  G e n e r a l l y  th e  swimming v e l o c i t y  o f  
E . c o l i  was found t o  in c r e a s e  w i th  in c r e a s in g  te m p e ra tu re  
due t o  th e  tu m b l in g  f re q u e n c y  peak ing  a t  34 °C over  a 
range o f  20 t o  39 °C .  A te m p e ra tu r e  drop in c re a s e d  th e  
tu m b l in g  f re q u e n c y  and a te m p e ra tu r e  i n c r e a s e ,  decreased  
th e  f req u e n c y  (Meada e t  a7. 1 9 7 6 ) .
Regard ing th e  p o s s i b i l i t y  o f  chem otax is  in  th e  h e n ’ s 
egg, a f e r t i l e  c h ic k e n  egg shows a h i g h e r  c o n c e n t r a t io n  
o f  amino a c id s  in  t h e  y o lk  than in  th e  albumen. Ducay,  
K l i n e  and Mandeles (1 9 6 0 )  found a t o t a l  o f  16 amino a c id s  
o c c u r r in g  in  both w h i t e  and y o lk .  A g r a d i e n t ,  however,  
i s  m a in ta in e d  across  th e  v i t e l l i n e  membrane, which in  
i s o l a t i o n  i s  permeable  t o  th e  amino a c id s  a l a n i n e ,  
l e u c i n e  and p h e n y l a l a n i n e .  The g r a d i e n t  i s  m a in ta in e d  
because amino a c id s  a re  bound to  p r o t e i n  on both s id e s  o f  
th e  v i t e l l i n e  membrane in  o rd e r  t o  ensure  op t im a l  
c o n c e n t r a t io n  f o r  th e  d e v e lo p in g  embryo (Pons e t  a l .
1 9 8 5 ) .  I t  can be assumed t h e r e f o r e  t h a t  th e  v i t e l l i n e  
membrane c o n s t i t u t e s  no b a r r i e r  to  t h e  d i f f u s i o n  o f  amino  
a c id s  between y o lk  and albumen (S a in z  e t  a l .  1 9 8 3 ) .
Recent s t u d i e s  by Dolman and Board (u n p u b l is h e d )  have 
f a i l e d ,  however, t o  show any c o r r e l a t i o n  between  
i n c r e a s in g  amino a c id  l e v e l s  in  th e  albumen and m ic r o b ia l  
grow th .  In  th e  p r e s e n t  s tudy  I  sought t o  e s t a b l i s h  
whether  o r  not  a c h e m o ta c t ic  response p lay e d  a p a r t  in  
th e  process le a d in g  t o  a g e n e r a l i z e d  i n f e c t i o n  o f  an 
e g g ’ s c o n te n ts .
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SECTION 1
A s tudy  o f  th e  b e h a v io u r  o f  S a l m o n e l l a  s e r o ty p e s  in  albumen
T h i s ,  th e  f i r s t  s e c t i o n  o f  r e s u l t s ,  d e a ls  w i t h  th e  f a t e  
o f  s e ro ty p e s  and phage ty p e s  o f  S a l m o n e l l a  in  albumen in  
v i t r o .  As was noted in  t h e  L i t e r a t u r e  Review, t h e r e  i s  much 
c i r c u m s t a n t i a l  e v id e n c e  ( T a b l e  6 ) t o  th e  e f f e c t  t h a t  r o t  
produc ing  b a c t e r i a  t h a t  pass from th e  s h e l l  membranes t o  th e  
albumen remain q u ie s c e n t  u n t i l  f r e e d  from th e  immediate  
i n f l u e n c e  o f  th e  a n t i m i c r o b i a l  agents  o f  th e  albumen. The 
l i t e r a t u r e  would lead  us t o  b e l i e v e  t h a t ,  in  most cases ,  th e  
c o l l i s i o n  o f  con tam inants  and y o lk  r e s u l t s  in  t h i s  s t a t e .  
P re v io u s  s t u d i e s  o f  albumen in  v i t r o  (Board and H a l l s  1973,  
Sparks and Board 1985) have shown t h a t  f e r r i c  ammonium 
c i t r a t e  o r  c om binat ions  o f  s im p le  n i t ro g e n o u s  substances  and 
i r o n  nega tes  th e  a n t i m i c r o b i a l  p r o p e r t i e s  o f  th e  albumen.
As th e  r e c e n t  s tudy  by C la y  and Board (1 9 9 1 )  i n d i c a t e d  
t h a t  s a lm o n e l la s  behave in  much th e  same manner as r o t -  
produc ing  b a c t e r i a  in  whole  eggs, t h i s  p a r t  o f  th e  s tudy  
sought in f o r m a t io n  about t h e  beha v io u r  o f  th e  fo rm er  d u r in g  




Eggs ( s i z e  4 ,  approx 58g) le s s  than 2 -d a y s  o ld  were  
purchased from a lo c a l  p r o d u c e r / r e t a i l e r  and s t o r e d  f o r  l e s s  
than  2 days b e fo r e  use. Eggs were assumed t o  be 
s a l m o n e l l a - f r e e  a t  pu rchase .  Eggs from t h e  same source were  
used in  o t h e r  s t u d i e s  in  which endogenous s a lm o n e l l a s  would  
have been d e t e c t e d .  None was found to  be c o n ta m in a te d .
C u l t u r e s
The sources o f  t h e  c u l t u r e s  a re  g iv e n  in  T a b le  10 
These were s to re d  on D o r s e t  egg agar  (Oxo id  L td )  a t  4 °C and 
s u b c u l tu r e d  e v e ry  3 months. For e x p e r im e n ta l  purposes,  an 
o v e r n i g h t  c u l t u r e  (1 8  h)  in  n u t r i e n t  b r o th  (Lab M, in c u b a te d  
a t  37 ®C) was spun down (2000  g f o r  10 m in ) .  Washed in  
s a l i n e  (0 .85% w /v ,  Lab M), and f i n a l l y  resuspended in  th e
3same medium and d i l u t e d  such t h a t  0 .1  ml c o n ta in e d  £ a .  10 
organism s.  Aged c u l t u r e s  were prepared  by extended  
i n c u b a t io n  a t  4 ,  20 o r  37 °C.
Presumptive  S a l m o n e l l a  c o lo n ie s  were c onf i rm ed  
s e r o l o g i c a l l y  (Wellcome D i a g n o s t i c s ) .
P e r s i s te n c e  o f  v a r i o u s  S a l m o n e l l a  s d d .  in  albumen in v i t r o  
E g g s h e l ls  were wiped w i t h  e th a n o l  (70% v / v ) ,  c racked  
and th e  c o n te n ts  c o l l e c t e d .  Albumen and y o lk  were h a r v e s te d  
and bulked s e p a r a t e l y .  Seventy  ml o f  b lended albumen were  
dispensed i n t o  s t e r i l e  specimen pots  (250  ml,  S t e r i l i n )  and 
0 .1  ml o f  a b a c t e r i a l  suspension added. D u p l i c a t e  samples  
were s to r e d  a t  4 ,  20 o r  30 and sampled f r e q u e n t l y .  F e r r i c
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ammonium c i t r a t e  (BDH) was added t o  t h e  albumen ( f i n a l  
c o n c e n t r a t io n  0 .0 0 8  mg/ml Fe3 + ) on th e  4 2 nc* day o f  
i n c u b a t i o n .
V i a b l e  counts  were o b ta in e d  by s p r e a d in g  0 .1  ml o f  an 
a p p r o p r i a t e  d i l u t i o n  on d u p l i c a t e  p l a t e s  o f  Xy lose  Lys ine  
D ecarboxy lase  agar  (XLD:Lab M) w i t h  o v e r n i g h t  in c u b a t io n  a t  
37 °C.  A comparison o f  v i a b l e  counts on XLD and N u t r i e n t  
a gar  f o r  the  i s o l a t i o n  o f  S a l m o n e l l a  f rom albumen was 
c a r r i e d  o u t .  P resum pt ive  S a lm o n e l l a  c o l o n i e s  were conf i rm ed  
s e r o l o g i c a l l y .  I n i t i a l  and f i n a l  g luc os e  c o n c e n t r a t io n s  
were de term ined  ( B o e h r in g e r  Mannheim -  W.Germany). The pH 
o f  th e  albumen was t e s t e d  w i t h  Whatman i n d i c a t o r  paper  
( ra n g e  1 - 1 4 ) .  L a b o r a to r y  s a f e t y  r e g u l a t i o n s  p re c lu d e d  th e  
use o f  a pH meter  w i t h  m a t e r i a l  c o n ta m in a te d  w i t h  
S a l m o n e l l a .
The f o l l o w i n g  v a r i a t i o n s  t o  th e  e x p e r im e n ta l  p lan  were done,
( a ) . D e t e r m in a t io n  o f  th e  e f f e c t  o f  in ocu lu m , - S i ze on th e  
response o f  S . e n t e r i t i d i s ,  S . p u l l o r u m ,  and S . h a d a r  i n  
albumen in v i t r o
Albumen was bu lked  and dispensed i n t o  250 ml specimen  
pots  ( S t e r i l i n ) .  An o v e r n i g h t  c e l l  suspens ion  ( 0 .1  ml)  was
O g
added such t h a t  th e  albumen c o n ta in e d  1 0 , 10 or  10
S . p u l l o r u m / m l  o r  S . h a d a r / ml and 10, 102 , 103 , 104 o r  106 
S . e n t e r i t i d i s .  D u p l i c a t e  samples were s t o r e d  a t  4 ,  20 o r  30 
°C .  V i a b l e  counts  were o b ta in e d  on XLD. The e f f e c t  o f  th e  
a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  ( f i n a l  c o n c e n t r a t io n  
0 .0 0 8  mg/ml Fe3 + ) on th e  4 2 nc* day was n o te d .  The pH o f  th e  
albumen was t e s t e d  w i t h  Whatman i n d i c a t o r  paper  ( ran ge  1 -  
1 4 ) .
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( b ) . The s tudy  o f  th e  e f f e c t  o f  v a r io u s  n u t r i t i o n a l  
a d d i t i o n s  on th e  b e h a v io u r  o f  S . e n t e r i t i d i s  in  albumen in  
v i  t r o
V a r io u s  n u t r i t i o n a l  a d d i t i o n s  were made t o  albumen (70  
ml) c o n t a i n i n g  £&.  10°  o rg a n is m s /m l ;
1 ) .  F e r r i c  ammonium c i t r a t e  -  0 .0 0 8  mg/ml.
2 ) .  Faeca l  e x t r a c t  -  An e x t r a c t  o f  a d u l t  c h icken  fa e c e s  
was p re p a red  by d i l u t i n g  f a e c e s  1 in  10 in  w a te r  (w e t  
w e ig h t )  and f i l t e r i n g  t w i c e  th rough  m u s l in .  One ml o f  th e  
s t e r i l i z e d  f i l t r a t e  was added t o  th e  albumen.
3 ) .  I r o n - r e d u c e d  f a e c a l  e x t r a c t  ( IE F E )  -  Faecal  e x t r a c t  
was pre p a red  as above and t h e  i r o n  e x t r a c t e d  by th e  method 
o f  Waring and Werkman ( 1 9 4 2 ) .  The f a e c a l  e x t r a c t  was poured  
i n t o  a g la s s  s topp ere d  s e p a r a t i n g  fu n n e l  ( a c i d  washed).
About 5 mg o f  c r y s t a l l i n e  8- h y d r o x y q u i n o l i n e  ( F i s o n s )  was 
d i s s o lv e d  in  1 ml o f  c h lo ro fo r m  ( BDH) and poured i n t o  th e  
s e p a r a t in g  f u n n e l ,  which was then  shaken v ig o u r o u s ly  b e fo r e  
being a l lo w e d  t o  s tand  f o r  5 min. About 3 ml o f  c h lo ro fo r m  
were added t o  t h e  fu n n e l  which was shaken v ig o u r o u s ly  f o r  
one m in u te ,  and r o t a t e d  f o r  one m inute  t o  a l lo w  th e  
c h lo ro fo r m  t o  c o a le s c e  a t  th e  base o f  th e  f u n n e l .  The 
c h lo ro fo rm  was drawn o f f  and t h e  s o l u t i o n  washed t w i c e  w i t h  
f u r t h e r  3 ml p o r t i o n s  o f  c h lo r o f o r m .  The whole e x t r a c t i o n  
process was re p e a te d  t w i c e  b e f o r e  a f i n a l  r i n s e  w i t h  5 ml 
c h lo ro fo r m .  The f i n a l  p r e p a r a t i o n  was t r a n s f e r r e d  t o  an 
ac id -washed f l a s k ,  and s e a le d  w i t h  a g la s s  b e a k er .
4 ) .  N i t r o g e n  source  -  NH^Cl ( F is o n s )  was f i l t e r  
s t e r i l i z e d  ( 0 . 4 5  pm: Oxoid L td )  and added t o  th e  albumen t o  
g iv e  a f i n a l  c o n c e n t r a t io n  o f  1 mg/ml.
5 ) .  Growth f a c t o r  s o l u t i o n  (GF) -  c o n s is te d  o f  (mg/ml  
d i s t i l l e d  w a t e r )  p -am inobenzo ic  a c id  (S ig m a ) ,  10; f o l i c  a c id  
(BDH), 1 .0 ;  v i t a m i n  B12 (S ig m a ) ,  1 .0 ;  n i c o t i n i c  a c id  
(S ig m a ) ,  1 .0 ;  p a n t o th e n ic  a c id  (BDH), 1 . 0 ;  th ia m in e  (S ig m a ) ,  
1 .0 ;  r i b o f l a v i n  (S ig m a ) ,  1 .0  and b i o t i n  ( A l d r i c h ) ,  1 . 0 .  One 
ml o f  f i 1t e r - s t e r i 1 iz e d  s o l u t i o n  ( 0 . 4 5  pm: Oxoid L td )  was 
added t o  th e  albumen ( T r a n t e r  1 9 8 2 ) .
I n i t i a l  and f i n a l  g lucose c o n c e n t r a t io n s  were  
d eterm ined  (B o e h r in g e r  Mannheim) -  see below. The pH o f  th e  
albumen was t e s t e d  w i t h  Whatman i n d i c a t o r  paper ( ran g e  1 -  
1 4 ) .
Glassware
A l l  g lassw are  used in  e x p e r im e n ts  i n v o l v i n g  i r o n  was 
f r e e d  o f  c o n ta m in a t in g  i r o n  by th e  f o l l o w i n g  p roc e d u re .
The g lassw are  was soaked in  0.1M HC1 (BDH) f o r  14 h and 
r in s e d  in  d e - i o n i s e d ,  g la s s  d i s t i l l e d  w a t e r .  T h is  was 
f o l lo w e d  by a wash in  8 - h y d r o x y q u i n o l in e  (0 .5%  w /v )  in  
c h lo ro fo r m  ( r i n s i n g  in  c h l o r o f o r m ) ,  p r i o r  t o  d r y in g  in  a h o t  
a i r  oven. The g las s w a re  was then r in s e d  t w ic e  in  d e - i o n i s e d  
g la s s  d i s t i l l e d  w a te r  and d r i e d  in  a h o t  a i r  oven. Washings  
from th e  g lassw are  c o n ta in e d  mimimal amount o f  i r o n  ( < 0 .1  
p g / m l ) .
Chemical d e t e r m i n a t io n s
G lu c o s e . Glucose c o n c e n t r a t io n s  were determ ined  us ing  
th e  B o e hr ing er  b lood sugar k i t  ( B o e h r in g e r -M a n n h e im ) . A 
sample o f  albumen ( 0 .1  m l)  was p r e c i p i t a t e d  in  1 .0  ml (0 .16%  
w /v )  u rany l  a c e t a t e  (Tabb L a b o r a t o r i e s ) . The p r o t e i n  was 
p e l l e t e d  by c e n t r i f u g a t i o n  ( 5 , 0 0 0  g x 10 min) and 0 . 2  ml o f  
th e  s u p e r n a ta n t  used f o r  th e  assay.  Glucose o x id ase  r e a g e n t
(5  m l ) ;  p e r o x id a s e ,  20 pg; g lucose o x id a s e ,  180 pg; 
chromatogen (ABTS), 0 . 5  mg in  100mM phosphate b u f f e r  (pH 
7 . 0 )  were added t o  th e  s u p e r n a t a n t ,  a g lucose  s ta n d a rd  and 
th e  d i s t i l l e d  w a te r  b la n k .  The m ix tu r e  was in cu bated  a t  37 
°C f o r  20 min and th e  absorbance measured a t  610 nm by a 
Unicam Sp500 s p e c t ro p h o to m e te r  (Pye-Unicam L t d ) .
Glucose c o n c e n t r a t i o n  = Absorbance o f  sample x 100
(mg/100 m l)  Absorbance o f  s ta n d a rd
I r o n . The i r o n  c o n c e n t r a t io n s  o f  f a e c a l  e x t r a c t  and 
i r o n - r e d u c e d  f a e c a l  e x t r a c t  were de te rm in e d  by th e  
p h e n a n th r o l in e  method (Anon 1 9 7 5 ) .
1 ) .  C a l i b r a t i o n  -  A c a l i b r a t i o n  range o f  0 -5 0 0  pg 
F e /1 0 0  ml was p r e p a r e d .  Known volumes o f  a s ta n d a rd  i r o n  
s o l u t i o n  (Appendix  1) were p i p e t t e d  i n t o  100 ml v o l u m e t r i c  
f l a s k s .  To t h i s  were added: hydoxylamine s o l u t i o n  (S igma)  -  
1 .0  ml,  and sodium a c e t a t e  s o l u t i o n  (Sigma) -  1 .0  ml 
(Appendix 1 ) .  The volume was then  made up t o  75 ml w i t h  
d e - i o n i s e d  w a t e r .  P h e n a n th r o l in e  s o l u t i o n  (10  ml)  was added 
p r i o r  to  i t  be ing  d i l u t e d  t o  volume. The s o l u t i o n  was 
a l lo w e d  to  s tand  f o r  10 min. Absorbance was measured a t  508
nm in  1 cm c e l l s  and a c a l i b r a t i o n  curve  p re p a red .
2 ) .  T o ta l  i r o n  d e t e r m i n a t i o n .  A known sample volume  
was dispensed in  a fused  s i l i c a  bo at  ( a c i d  washed) and
a l lo w e d  to  e v a p o r a t e  in  a steam bath  u n t i l  a s u i t a b l e  volume
decrease  had o c c u r r e d .  A minimum volume o f  c o n c e n t r a te d  HC1 
and warm d e - i o n i s e d  w a te r  were added. The m ix tu r e  was 
f i l t e r e d  and n e u t r a l i s e d  w i t h  NH4OH (FSA) b e fo re  being made 
up t o  volume (50  m l ) .  To t h i s  m ix tu r e  were added
c o n c e n t r a te d  HC1, 2 ml;  hydoxylam ine  s o l u t i o n ,  1 ml,  and 
g la s s  beads (Appendix 1 ) .  The volume o f  th e  m ix t u r e  was 
reduced t o  15 -20  ml by b o i l i n g .  A f t e r  c o o l in g  t o  room 
t e m p e ra tu r e  i t  was t r a n s f e r r e d  t o  a v o l u m e t r i c  f l a s k  (100  
ml) and th e  f o l l o w i n g  added: ammonium a c e t a t e  (BDH) b u f f e r  
s o l u t i o n ,  10 ml; p h e n a n t h r o l i n e  s o l u t i o n ,  2 m l ,  and de­
io n is e d  w a te r  t o  d i l u t e  t o  100 m l.  The s o l u t i o n s  were mixed 
th o r o u g h ly  and a l lo w e d  t o  s ta nd  f o r  10-15  min. Absorbance  
a t  508 nm was measured.
( c ) . The d e t e r m i n a t io n  o f  t h e  d u r a t i o n  o f  m o t i l i t y  o f  
synchronous and non-svnchronous p o p u la t io n s  o f  S . e n t e r i t i d i s  
in  albumen in  v i t r o  and t h e  e f f e c t  o f  v a r i o u s  n u t r i t i o n a l  
supplements
Synchronous c u l t u r e s  were p repared  as d e s c r ib e d  by 
C u t l e r  and Evans ( 1 9 6 6 ) .  S a l m o n e l l a  e n t e r i t i d i s  was grown 
o v e r n i g h t  in  n u t r i e n t  b r o th  (Lab M -  in c u b a te d  a t  37 ° C ) ,  
th e  c e l l s  were h a r v e s te d  in  e a r l y  s t a t i o n a r y  phase ( p r e ­
de te rm ined  by a growth c u r v e )  by c e n t r i f u g a t i o n  and d i l u t e d  
7 - f o l d  i n t o  f r e s h  medium. T h is  took  p la c e  in  th e  minimum 
le n g th  o f  t im e  p o s s i b l e .  The c e l l s  were r e - i n c u b a t e d  and 
h a rv e s te d  in  e a r l y  s t a t i o n a r y  phase and th e  process  
r e p e a te d .  The c e l l s  were assumed t o  be synchromous and 
f i n a l l y  resuspended in  s a l i n e  (0 .8 5 % ,  w /v ,  BDH) and d i l u t e d  
such t h a t  0 .1  ml c o n ta in e d  th e  r e q u i r e d  number o f  c e l l s .
An o v e r n i g h t  c u l t u r e  ( non-syn ch ro nou s) in  n u t r i e n t  
b ro th  was washed in  s a l i n e  ( x 2 )  as d e s c r ib e d  above ( p 7 5 ) .  
Albumen was d ispensed i n t o  s t e r i l e  c o n t a in e r s  ( S t e r i l i n  250 
ml)  and 0 .1  ml o f  c e l l  suspension added. V a r io u s
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n u t r i t i o n a l  supplements were added t o  th e  albumen (as  
o u t l i n e d  a b o v e ) .  The albumen was s t o r e d  a t  4 o r  25 °C.
A m o t i l i t y  index o f  organisms in  albumen was o b ta in e d  
by comparing th e  number o f  m o t i l e  and n o n - m o t i l e  c e l l s .  A 
minimum o f  200 c e l l s  were counted per  sample us ing  x 1000 
phase c o n t r a s t  microscopy (Olympus BH2).
A d d i t i o n  t o  albumen o f  S . e n t e r i t i d i s  and a n t i b o d i e s  r a is e d  
in...chickens
The a n t i - s e r u m  was r a is e d  a t  Langford  V e t e r i n a r y  School 
( J a n e t  B a l e ) ,  w i t h  th e  f o l l o w i n g  p rocedure ;
( 1 )  P r e p a r a t io n  o f  S a l m o n e l l a  "OH" a n t is e r u m .
( a )  A w e l l  i s o l a t e d  "smooth" co lony  was s e l e c t e d  
from a p l a t e  c u l t u r e .
( b )  The a n t i g e n i c  s t r u c t u r e  was c onf i rm e d  by a 
s l i d e  a g g l u t i n a t i o n  t e s t .
( c )  A p o r t i o n  o f  th e  checked co lony  was in o c u la t e d  
i n t o  a C r a i g i e  t u b e ,  which was in cu b a ted  a t
37 °C u n t i l  b a c t e r i a l  growth was v i s i b l e  on th e  
s u r f a c e  o f  th e  medium in  th e  o u t e r  tu b e .  T h is  
growth was used t o  i n o c u l a t e  a n o th e r  C r a i g i e  
tu b e .
(d )  The p rocedure  was re p e a te d  4 t im e s ,  each t im e  
th e  c u l t u r e  was checked f o r  h y p e r - m o t i l i t y  by 
th e  " ha ng ing -drop "  method.
( e )  Pre-warmed peptone b ro th  (Lab M, 10 m l)  was 
i n o c u la t e d  w i t h  th e  h y p e r - m o t i l e  c u l t u r e  and 
in cu ba ted  a t  37 °C f o r  6 0 -9 0  min, b e fo r e  
being added t o  500 ml o f  pre-warmed peptone
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b r o th .  T h is  was in cu b a ted  a t  37 °C f o r  6 - 8  h.
( f )  The c e l l  suspension  was checked f o r  
h y p e r - m o t i l i t y  b e fo r e  0.3% ( w / v )  
form aldehyde  (BDH) was added. The 
s o l u t i o n  was a l lo w e d  t o  s tand o v e r n i g h t .
(g )  The suspens ion .w as  i n o c u la t e d  in  a m arg ina l  
v e in  (e g .  w i n g ) ,  a t  3 - 4  day i n t e r v a l s  w i th  
in c re m e n ta l  doses o f  immunogen, 0 . 1 ,  0 . 2 ,  0 . 4 ,
0 . 8 ,  1 .6  m l.  One week a f t e r  t h e  f i n a l  
i n o c u l a t i o n ,  a t e s t  b leed  was per fo rm e d .
( 2 )  B le e d in g .  A t e s t  b le e d  was taken  i n i t i a l l y  from th e  
wing v e in  and l a t e r  c o l l e c t i o n s  o f  l a r g e r  samples taken  from  
th e  b r a c h i a l  v e i n .
( 3 )  I s o l a t i o n  o f  th e  serum from b lood .  Serum should be 
s e p a ra te d  from th e  c e l l s  as soon as p o s s ib le  a f t e r  
c o l l e c t i o n  o f  th e  b lo o d ,  t o  p r e v e n t  th e  l y s i s  o f  c e l l s  and 
r e l e a s e  o f  p r o t e i n s  which in c lu d e  p r o te a s e s  c a p a b le  o f  
d e g ra d in g  a n t i b o d i e s .
( a )  The blood was a l lo w e d  t o  c l o t  a t  room 
te m p e ra tu re  f o r  1 h b e fo r e  be ing  l e f t  
o v e r n ig h t  a t  4 °C .
(b )  The c l o t - f r e e  l i q u i d  was poured i n t o  a 
c e n t r i f u g e  tu b e  and k e p t  a t  4 °C .
( c )  The c l o t  was c e n t r i f u g e d  (2500  g)  f o r  30 min a t  
4 °C and any l i q u i d  p r e s e n t  removed and added 
t o  tube  ( b ) .
( d )  The pooled l i q u i d  was c e n t r i f u g e d  (1500  g) f o r  
15-20  min a t  4 ®C. The serum was s to r e d  a t  4 
°C. Note:  c h ic k e n  serum must n o t  be f r o z e n .
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( 4 )  The a n t ib o d y  t i t r e  was d e te rm ined  us ing th e  Widal  
method (Anon 1 9 6 0 ) .
Seven tubes  were p la c e d  in  a rack and l a b e l l e d  as 
f o l l o w s ;
( 1 )  ( 2 )  ( 3 )  ( 4 )  ( 5 )  ( 6 ) ( 7 )
1 /15  1 /3 0  1 /6 0  1 /1 2 0  1 /2 4 0  1 /4 8 0  c o n t r o l
To tubes  2 - 7 ,  0 . 4  ml o f  s a l i n e  was added; t o  a s e p a r a te  
tu b e ,  0 .1  ml o f  th e  serum was added to  1 .4  ml s a l i n e  ( 1 / 1 5  
d i l u t i o n ) .  To tubes  ( 1 )  and ( 2 )  0 . 4  ml o f  th e  1 /1 5  d i l u t i o n  
were added, thus  making a 1 /3 0  d i l u t i o n .  F o l lo w in g  t h i s ,
0 . 4  ml o f  tube  ( 2 )  was added t o  tube  ( 3 ) ,  thus  making tube
( 3 )  a 1 /6 0  d i l u t i o n .  The process  was c o n t in u e d  t o  tube  ( 6 ) 
from which 0 . 4  ml was d is c a r d e d .  Thus tube  ( 7 )  c o n ta in e d  
s a l i n e  o n ly .  B a c t e r i a l  suspension ( 0 . 4  ml)  was added t o  
each tube  g i v i n g  the  f o l l o w i n g  d i l u t i o n s :
( 1 )  ( 2 )  ( 3 )  ( 4 )  ( 5 )  ( 6 ) ( 7 )
1 /3 0  1 /6 0  1 /1 2 0  1 /2 4 0  1 /4 8 0  1 /9 6 0  c o n t r o l
Clumping was observed in  tubes  a f t e r  2 h a t  5 0 -5 5  °C.
( 5 )  To d ispensed whole albumen (70  ml)  was added serum 
( 0 . 1 5  ml o f  a known t i t r e )  and S . e n t e r i t i d i s  suspension such 
t h a t  th e  albumen c o n ta in e d  103” 4 o r  106“ 7 c f u / m l . V i a b l e  
counts  were made on XLD and m ic ro s c o p ic  o b s e r v a t io n s  done.  
The albumen was s to r e d  a t  room te m p e ra tu re  ( £ a .  2 2 -2 5  ° C ) .
E x p e r im e n ta l  v a r i a t i o n  in c lu d e d ;
( a )  Using t h i n  albumen o n ly .
(b )  In c l u d i n g  complement. Complement was removed 
by h e a t in g  a t  55 °C f o r  30 min.
( c )  Using R in g ers  s o l u t i o n  in s te a d  o f  albumen t o
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d e te rm in e  i f  th e  albumen’ s s t r u c t u r e  encouraged  
c lum ping .
(d )  Using an aged ( s t o r e d  f o r  >7 days a t  30 °C)  
c u l t u r e  S . e n t e r i t i d i s .
The m o t i l i t y  o f  th e  organism was observed th ro u g h o u t  th e s e  
p r o c e d u r e s .
RESULTS
The p e r s is t e n c e  o f  S a l m o n e l l a  in  albumen in v i t r o
E a r l i e r  s t u d i e s  o f  albumen in v i t r o  have shown t h a t  
com binat ions  o f  s im p le  n i t ro g e n o u s  substances  and i r o n  
negate  the  a n t i m i c r o b i a l  p r o p e r t i e s  o f  th e  albumen (Sparks  
and Board 1 9 8 5 ) .  T h is  was conf i rm ed  in  th e  p re s e n t  s tudy  
( F i g u r e  4 ) .  I t  was a ls o  noted by th e s e  workers  t h a t  growth  
induced by th e  a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  was 
a s s o c ia te d  w i t h  th e  d e p l e t i o n  o f  g lucose  and an a c id  s h i f t  
in  the  pH ( 9 . 5  t o  7 . 0 - 8 . 0 )  o f  th e  albumen. T h is  was a l s o  
c onf i rm ed  in  t h e  p r e s e n t  s tudy  ( F i g u r e  5 ) .  As f e r r i c  
ammonium c i t r a t e  overcame th e  a n t i m i c r o b i a l  a t t r i b u t e s  o f  
albumen i t  was used r o u t i n e l y  in  t h e  p r e s e n t  s tu d y .
The p e r s i s t e n c e  o f  v i a b l e  c e l l s  ( i n i t i a l  inoculum  
103- 1 0 4 c f u / m l ) in  albumen in v i t r o  a t  4 ,  20 o r  30 °C was 
s t u d ie d  w i th  13 S a l m o n e l l a  s e ro ty p e s  and 13 phage ty p e s  o f  
S a l m o n e l l a  e n t e r i t i d i s  (T a b le  1 0 ) .  W ith  th e  e x c e p t io n s  o f  
S . e n t e r i t i d i s  ( F i g u r e  6 ) and S . h a d a r , and both on one 
occasion  o n ly ,  t h e r e  was a p r o g r e s s iv e  d im in u t io n  in th e
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v i a b l e  counts  in  albumen a t  4 °C such t h a t  our method o f  
a n a l y s i s  f a i l e d  ( <10 c f u / m l ) t o  i s o l a t e  organisms on th e  
4 2 n<^  day o f  i n c u b a t io n .  As was t o  be expected  th e  a d d i t i o n  
o f  f e r r i c  ammonium c i t r a t e  t o  albumen on th e  42nc* day o f  
in c u b a t io n  d id  no t  induce m u l t i p l i c a t i o n  a t  4 °C o f  any o f  
th e  S a l m o n e l l a  s e ro ty p e s  o r  phage ty p e s .
There  was a spectrum o f  responses among s a lm o n e l la s  
s to r e d  in  unsupplemented albumen in cu ba ted  a t  20 o r  30 °C .  
S ix  o f  th e  13 phage ty p e s  o f  S . e n t e r i t i d i s  ( T a b le  10)  
m u l t i p l i e d  s l u g g i s h l y  ( g e n e r a t i o n  t im e  o f  days)  a t  one o r  
both o f  th e s e  te m p e ra tu r e s  ( F i g u r e  7 ) .  When s lu g g is h  growth  
o c c u rre d  n e i t h e r  th e  g lucose  c o n t e n t  nor th e  pH o f  th e  
albumen changed. I t  i s  e v i d e n t  from F ig u r e  6 t h a t  t h e r e  was 
a v e ry  f a s t  r a t e  o f  growth f o l l o w i n g  th e  a d d i t i o n  o f  f e r r i c  
ammonium c i t r a t e  t o  albumen a t  20 o r  30 °C .  The pH o f  th e  
albumen changed (pH 9 . 5  t o  7 . 0 - 8 . 0 )  when th e  p o p u la t i o n  o f  
s a lm o n e l la s  a t t a i n e d  >10^ c f u / m l . L ik e w is e  th e  
c o n c e n t r a t io n  o f  g lucose  in  th e  albumen d im in is h e d  (5 0 -1 0 0 & )  
o n ly  when heavy growth occ u rred  ( F i g u r e s  4 & 5 ) .  The 
a d d i t i o n  o f  o t h e r  supp lements ,  NH^Cl o r  growth f a c t o r  t o  
albumen a t  25 °C led  t o  a l a r g e  in c r e a s e  in  p o p u la t io n  s i z e
when f e r r i c  ammonium c i t r a t e  was p r e s e n t  ( F i g u r e  4 ) .  These
supplements  produced no in c r e a s e  in  c e l l  numbers when added
a lo n e .  The g r e a t e s t  in c r e a s e  in  p o p u la t io n  s i z e  was
a c h ie v e d  w i t h  th e  a d d i t i o n  o f  a l 1 3 supp lem ents .  Faecal  
e x t r a c t  and f e r r i c  ammonium c i t r a t e  gave a comparably  l a r g e  
in c r e a s e  in  p o p u la t i o n  s i z e s .  The p e rc e n ta g e  o f  g lucose  
re m a in in g  in  th e  albumen appeared t o  be in f lu e n c e d  by th e  
c om bin a t ion  o f  supp lem ents .  With  N H ^ l  p lu s  f e r r i c  ammonium
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c i t r a t e  and f e r r i c  ammonium c i t a t e  a lo n e ,  no g lucose  
remained a f t e r  48 h. When f e r r i c  ammonium c i t r a t e  was 
combined w i t h  growth f a c t o r ,  however, t h e r e  was s t i l l  <40% 
o f  th e  g lucose  re m a in in g .  The reasons f o r  t h i s  a re  not  
known. The a d d i t i o n  o f  f a e c a l  e x t r a c t  d id  no t  change th e  
glucose  c o n c e n t r a t io n  o f  t h e  albumen d e s p i t e  in duc in g  a 
l a r g e  in c r e a s e  in  p o p u la t i o n  s i z e .  T h is  suggests  t h a t  th e  
f a e c a l  e x t r a c t  c o n ta in e d  s u f f i c i e n t  n u t r i e n t s  f o r  th e  growth  
o f  S . e n t e r i t i d i s .
The o t h e r  phage ty p e s  o f  S . e n t e r i t i d i s  m e re ly  p e r s i s t e d  
i e .  c e l l  numbers e i t h e r  remained c o n s ta n t  o r  d im in is h e d  v e r y  
s lo w ly  w i t h  t im e  in  albumen a t  20 o r  30 °C .  There  was no 
dem onstrab le  change in  t h e  g luc os e  c o n t e n t  o r  pH o f  th e  
albumen. Of th e  o t h e r  s e ro ty p e s  o n ly  S . h a d a r  ( F i g u r e  8 ) ,  
w o r t h i n g h t o n  ( F i g u r e  9 ) ,  o h i o  ( F i g u r e  10) and waycross  
( F i g u r e  11) m u l t i p l i e d  in  albumen a t  20 o r  30 °C .  A ga in ,  
however, th e  growth r a t e  was s lu g g is h  and t h e  r e s u l t s  
i n c o n s i s t e n t .  Thus, f o r  exam ple ,  S . h a d a r  m e re ly  p e r s i s t e d  
in  2 t r i a l s  and grew in  a n o th e r  ( T a b l e  1 0 ) .  I n  th e  l a t t e r  
i n s ta n c e  th e  g e n e r a t io n  t im e  was v e ry  long (>10  days)  in  
albumen a t  20 °C .  The number o f  v i a b l e  c e l l s  o f  S . p u l l o r u m  
diminshed t o  u n d e t e c t a b le  l e v e l s  a t  both o f  th e s e  
t e m p e r a t u r e s .
Every  s t r a i n  o f  S a l m o n e l l a  ( T a b l e  10) used in  t h i s  
study  formed l a r g e  p o p u la t i o n s  (>1 x 107 c f u / m l ) a t  20 and 
30 °C f o l l o w i n g  th e  a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  t o  
th e  albumen ( T a b le  1 0 ) .  I t  needs t o  be s t r e s s e d  t h a t  th e  
g e n e r a t io n  t im e s  (h o u r s )  in  supplemented albumen were v e ry
87
s h o r t  v i z  £ v i z  those  o f  S . h a d a r , f o r  example ,  in  
unsupplemented albumen.
Three  o f  th e  organisms s tu d ie d  above, S . e n t e r i t i d i s ,  
S . h a d a r  and S . p u l  Jorum, were used in  i n v e s t i g a t i o n s  which  
sought t o  answer th e  q u e s t io n :  does th e  i n i t i a l  inoculum  
s i z e  i n f l u e n c e  th e  f a t e  o f  s a lm o n e l l a s  in  albumen in  v i t r o  
when s to r e d  a t  4 ,  20 o r  30 °C ? When 10 o r  100 c e l l s  o f  
S . e n t e r i t i d i s  ( F i g u r e s  12a & b) were added per  ml o f  
albumen, th e s e  methods f a i l e d  t o  i s o l a t e  any organisms  
th ro u g h o u t  th e  42 days o f  i n c u b a t io n .  N e v e r t h e le s s  th e  
a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  caused a r a p id  
m u l t i p l i c a t i o n  o f  th e  v e r y  few organisms in  albumen 
in c u b a te d  a t  20 o r  30 °C b u t  not  a t  4 °C .  An inoculum  
in te n d e d  t o  g iv e  1 . 0  x 103 c fu /m l  o f  albumen gave r e s u l t s  
( F i g u r e  12c) analogous t o  those  d iscussed  above ( F i g u r e  6 ) .  
With an inoculum o f  > 1 .0  x 105 to  < 1 .0  x 10 6 c fu /m l  ( F i g u r e  
12d) t h e r e  was a slow bu t  p r o g r e s s iv e  growth a t  30 °C ,  but  
l i t t l e  growth a t  20 °C .  As would be e x p e c te d ,  no growth  
o c c u rred  a t  4 °C even f o l l o w i n g  th e  a d d i t i o n  o f  f e r r i c  
ammonium c i t r a t e .  As ju dged  from th e  main survey  ( T a b l e  
1 0 ) ,  in  which th e  s t a r t i n g  inoculum was 103 t o  104 c fu /m l  
( F i g u r e  6 ) ,  r e s u l t s  ana logous t o  thos e  d iscussed  above were  
o b ta in e d  w i t h  S . h a d a r  ( F i g u r e  1 3 a ) .  W ith  a h ig h e r  inoculum  
o f  106 c f u / m l ,  ana logous r e s u l t s  t o  thos e  o b ta in e d  w i th  
S . e n t e r i t i d i s  ( F i g u r e  12d) were o b ta in e d  a t  4 ,  20 and 30 °C 
( F i g u r e  1 3 b ) .  I t  i s  e v i d e n t  t h a t  o f  a l l  t h e  s e ro ty p e s  in  
t h i s  work S.puJ Jorum was p r o b a b ly  th e  th e  most p o o r ly  
adapted from th e  p o i n t  o f  v iew  o f  p e r s i s t e n c e  in  albumen in  
v i t r o .  Even w i t h  an inoculum o f  £ £ .  1 .0  x 106 S.puJ Jorum/m]
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( F i g u r e  1 4 b ) ,  th e  number o f  v i a b l e  organisms d im in is h e d  
d u r in g  i n c u b a t io n ,  w i t h  th e  f a s t e s t  r a t e  o f  death  o c c u r r in g  
a t  30 °C.  Growth o c c u r r e d ,  however, f o l l o w i n g  th e  a d d i t i o n  
o f  f e r r i c  ammonium c i t r a t e  a t  20 o r  30 °C .  A t  th e  lower  
inoculum l e v e l  o f  10 c f u / m l ,  th e  number o f  organisms  
had d im in is h e d  below d e t e c t a b l e  l e v e l s  by day 4 2 .  The 
a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  f a i l e d  t o  induce growth  
a t  4 o r  20 °C ( F i g u r e  1 4 a ) .
M ic r o s c o p ic a l  e x a m in a t io n  (a  minimum o f  200 c e l l s /  
s a m p le ) ,  which was done on e v e ry  sampling occas ion  in  one 
e x p e r im e n t  w i t h  in o c u la t e d  albumen a t  4 o r  25 °C ,  compared 
th e  number o f  m o t i l e  and n o n - m o t i l e  c e l l s .  I t  was found  
t h a t  some c e l l s  o f  S . e n t e r i t i d i s  remained m o t i l e  in  albumen 
f o r  between 2 and 20 days a t  4 °C .  When suspended in  
unsupplemented albumen a t  25 ®C, S . e n t e r i t i d i s  PT 4 c e l l s  
were m o t i l e  on th e  42 nc* day o f  s to r a g e  (T a b le  1 1 ) .  The 
p r o p o r t i o n  o f  c e l l s  rem a in ing  m o t i l e  a t  4 o r  25 °C in  
albumen a f t e r  5 days w i t h  v a r io u s  n u t r i t i o n a l  a d d i t i o n s  i s  
shown in  T a b le  12. I t  i s  e v i d e n t  from th e  T a b le  t h a t  th e  
p r o p o r t i o n  o f  m o t i l e  S . e n t e r i t i d i s  PT 4 c e l l s  was h i g h e s t  in  
albumen c o n t a in in g  f a e c a l  e x t r a c t .  Upto 60% o f  c e l l s  were  
m o t i l e  a t  4 °C and upto 85% a t  25 °C a f t e r  5 days  
in c u b a t io n .  Analogous r e s u l t s  were o b ta in e d  in  albumen 
supplemented w i t h  f e r r i c  ammonium c i t r a t e .  A h ig h e r  
percen tage  o f  c e l l s  remained m o t i l e  a t  25 °C than  a t  4 °C in  
supplemented and unsupplemented albumen. S a l m o n e l l a  h a d a r  
in  unsupplemented albumen showed a h ig h e r  p e rc e n ta g e  o f  
c e l l s  rem a in ing  m o t i l e  a f t e r  5 days (4  °C -  65%; 25 °C -  
97%) than S . e n t e r i t i d i s  (4  -  0-22%; 25 -  2 7 -5 5 % ) .  The
m o t i l i t y  o f  S . e n t e r i t i d i s  PT 4 was no ted  a l s o  in  "aged"  
albumen (7 days a t  30 °C -  b e fo re  i n c u b a t i o n ) .  A f t e r  5 
days, 14-55% o f  th e  organisms were m o t i l e  a t  25 °C,  and 0 -  
10% a t  4 °C ( T a b l e  1 2 ) .  I t  was noted a l s o  t h a t  m o t i l i t y  in  
synchronous and non-synchronous c u l t u r e s  gave comparable  
r e s u l t s .  A lthough  t h e r e  was a range in  t h e  p r o p o r t i o n  o f  
m o t i l e  c e l l s  in  albumen supplemented w i t h  v a r i o u s  m a t e r i a l s  
i t  i s  e v i d e n t  t h a t  even w i t h  albumen a lo n e  m o t i l i t y  o f  some 
c e l l s  p e r s i s t e d .  The p r a c t i c a l  i m p l i c a t i o n s  o f  t h i s  
o b s e r v a t io n  became e v i d e n t  when th e  p o s s i b l e  r o l e  o f  
chemotaxis  in  egg i n f e c t i o n  was i n v e s t i g a t e d  ( p 1 3 5 ) .
The s u r v i v a l  o f  S . e n t e r i t i d i s  in  albumen in v i t r o  
c o n t a in in g  f a e c a l  e x t r a c t  was s t u d i e d  a t  4 ,  20 and 30 °C 
( F i g u r e  1 5 ) .  The p a t t e r n  o f  growth a t  20 and 30 °C showed 
s tead y  in c r e a s e  in  numbers ( 103 t o  108 c f u / m l )  in  albumen 
supplemented w i t h  f a e c a l  e x t r a c t  o r  i r o n - r e d u c e d  f a e c a l  
e x t r a c t  ( I E F E ) .  A t  4 °C t h e r e  was a s te a d y  d im i n u t i o n  in  
numbers o f  v i a b l e  organisms over  th e  14 days such t h a t  low 
o r  u n d e te c ta b le  numbers were p r e s e n t  by day 14.
The i r o n  c o n t e n t  o f  f a e c a l  e x t r a c t  and IEFE was 
determ ined  us ing  th e  p h e n a n th r o l in e  method (Anon 1 9 7 5 ) .  I t  
was found t h a t  th e  i r o n  c o n te n t  o f  IEFE ( 2 . 7 6  p g / m l ) was 
j u s t  over  h a l f  t h a t  o f  f a e c a l  e x t r a c t  ( 5 . 1 5  p g / m l ) .  There  
was, however, no d i f f e r e n c e  in  the  g lu c o s e  c o n c e n t r a t io n s  
( 0 . 3  m g/m l) .
In  th e  work d iscussed  above, emphasis  was g iven  t o  th e  
chemical de fence  o f  th e  albumen. A c c o rd in g  t o  the  
l i t e r a t u r e  (Kramer and Cho 1 9 7 0 ) ,  a n t i b o d i e s  occur in  th e  
albumen. T h is  s e c t i o n  sought to  d e t e r m in e  whether  o r  no t
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a n t i b o d i e s  i n f lu e n c e d  th e  f a t e  o f  S . e n t e r i t i d i s  in  albumen 
in v i t r o .
The a d d i t i o n  o f  a n t is e r u m  ( 0 . 1 5  ml o f  1 /2 4 0  t i t r e  
s o l u t i o n )  t o  blended albumen (70  ml)  had no a p p a re n t  
i n f l u e n c e  on th e  f e e b l e  growth o f  th e  organism ( F i g u r e  1 6 ) .  
When in o c u la t e d  t h i c k  albumen was viewed m i c r o s c o p i c a l l y ,  
Q3k. 10- 20% o f  th e  c e l l s  o c c u rre d  in  c ha ins  w hether  o r  no t  
th e  albumen was supplemented w i t h  a n t i s e r a  c o n t a in in g  
complement. Chains were a ls o  e v i d e n t ,  bu t  much le s s  
f r e q u e n t l y ,  in  albumen a lo n e  i n f e c t e d  w i t h  S . e n t e r i t i d i s .  
These s t u d i e s  were extended  t o  in c lu d e  t h i n  albumen. Again  
th e  organism (10 -20% ) formed c h a in s .  Thus t o  i n v e s t i g a t e  
th e  p o s s i b i l i t y  o f  a n t i s e r a  a lo n e  i n f l u e n c i n g  c e l l  
b e h a v io u r ,  R in g ers  s o l u t i o n  supplemented w i t h  a n t i s e r a  was 
qsed. The same r e s u l t s  were o b ta in e d ,  namely some c e l l s  
formed c h a in s .  The presence  o r  absence o f  complement  
appeared t o  have no e f f e c t  on c h a in  f o r m a t io n  o r  m o t i l t i t y .  
The l a t t e r  o b s e r v a t i o n  showed t h a t  a n t i s e r a  a lo n e  caused 
organisms t o  form c h a in s  in  albumen.
With  a n o th e r  sample o f  c o m p le m e n t - f ree  a n t i s e r a ,  i t  
became a p p a re n t  t h a t  a n t i b o d i e s  o n ly  r e s t r a i n e d  growth in  
albumen d i l u t e d  t o  a sm al l  e x t e n t  w i th  R in g ers  c o n t a in in g  
a n t i b o d i e s .  In  o t h e r  words, c e l l  v i a b i l i t y  decreased w i t h  
in c r e a s in g  a n t i s e r a  c o n c e n t r a t i o n .  I t  was e v i d e n t  t h a t  th e  
a n t i m i c r o b i a l  e f f e c t  o f  albumen t o g e t h e r  w i t h  th e  a n t i s e r a  
( d i l u t e d  t o  a minimal e x t e n t  w i t h  albumen) h in d e re d  th e  
growth o f  S . e n t e r i t i d i s  compared w i th  t h a t  in  R ing ers  
s o l u t i o n  ( F i g u r e  1 7 ) .
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The m o t i l i t y  o f  th e  organism ceased o n ly  in  albumen
Q
when n e a t  serum and S . e n t e r i t i d i s  ( £ a .  10 c f u / m l )  mixed in  
equal volumes were added. G e n e r a l l y  c e l l s  in  c h a in s  were  
le s s  m o t i l e  than  s o l i t a r y  ones. T h is  e f f e c t  was more 
pronounced when an "aged" c u l t u r e  (7  days a t  30 °C )  was 
used. Large clumps were observed in  t h i s  i n s t a n c e .  In  
summary t h e r e f o r e  a n t i  s e ra  would appear  t o  have l i t t l e  
e f f e c t  on th e  f a t e  o f  s a lm o n e l la s  in  albumen in v i t r o f 
un less  e x t r e m e ly  l a r g e  c o n c e n t r a t io n s  o f  a n t ib o d y  a r e  
p r e s e n t .
Summary
In  summary a study was made o f  th e  p e r s is t e n c e  o f  
d i f f e r e n t  Salmons!  la  s e ro ty p e s  in  h e n s ’ egg albumen i n  v i t r o  
a t  4 ,  20 and 30 °C.  The m a j o r i t y  o f  s e ro ty p e s  s t u d i e d  
remained v i a b l e  bu t  d id  not  in c r e a s e  in  number a t  20 and 30
°C f o r  42 days. A t  4 °C many s e ro ty p e s  d ied  o u t .
The a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  on th e  4 2 n<^  day 
o f  in c u b a t io n  induced m u l t i p l i c a t i o n  o f  organisms in c u b a te d  
a t  20 and 30 °C ,  bu t  no t  a t  4 °C .  The pH and g lucose  
c o n c e n t r a t io n  o f  th e  albumen d im in is h e d  o n ly  when heavy  
growth o c c u r re d .
T h i r t y  p e r c e n t  o f  th e  organisms a ls o  remained m o t i l e  in  
albumen f o r  42 days a t  25 °C and up t o  5% o f  th e  c e l l s
remained m o t i l e  f o r  up to  20 days a t  4 °C.
The a d d i t i o n  o f  S . e n t e r i t i d i s  a n t ib o d y  t o  albumen 
c o n t a in in g  S . e n t e r i t i d i s  had no a p p r e c i a b l e  e f f e c t  on 
m u l t i p l i c a t i o n  o r  m o t i l i t y  o f  th e  organism .
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F ig u r e s  4 & 5.
V a r io u s  n u t r i t i o n a l  supplements were made t o  albumen (70  m l)
o q
c o n t a in in g  1 0 ^ -1 0 °  c f u / m l .  The e x p e r im e n t  was done in  
d u p l i c a t e .
F i n a l  c o n c e n t r a t io n  o f  n u t r i t i o n a l  supplements in  albumen:  
NH4C1 , 1 mg/ml
F e r r i c  ammonium c i t r a t e  (FAC),  0 .0 0 8  mg/ml
Growth f a c t o r  s o l u t i o n  (G F ) ,  (m g/m l)  />-aminobenzoic  a c i d ,
1 0 ; f o l i c  a c i d ,  1 . 0 ; v i t a m i n  B-j2 » 1 . 0 ; n i c o t i n i c  a c i d ,  1 . 0 ; 
p a n t o th e n ic  a c i d ,  1 . 0 ; t h i a m in e ,  1 . 0 ; b i o t i n ,  1 . 0 ; 1 ml 
added t o  albumen
Faecal  e x t r a c t ,  1 /1 0  d i l u t i o n  o f  fa e c e s  was made, o f  which 1 
ml o f  s t e r i l i z e d  s o l u t i o n  was added t o  albumen
Figure 4 The fa te  o f S .en teritid is  in  a lb u m e n
p lu s  a d d it io n s  in  vitro  a t 25 C
log 10 c fu /m l  
10 r
—  + NH4C1+FAC +  GF
- 4 -  +  NH4CL
+ FAC
- S -  +  GF
+ NH4C1+FAC
+  control
+ GF + FAC




Figure 5 T h e  p e rc e n ta g e  o f  g lu c o s e  r e m a in in g  
in  a lb u m e n  in  v itro  in o c u la te d  w i t ho
S .e n te ritid is  a t  25 C
% glucose rem ain ing  
120 r
—*~  +  NH4C1+FAC+GF
- t -  +  NH4CL
+ FAC
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T a b le  10. The p e r s i s t e n c e  o f  S a l m o n e l l a  s e ro ty p e s  in  albumen 
in v i t r o  w i t h  in c u b a t io n  a t  4 ,  20 o r  30 °C
Salmone11a  
s e ro ty p e
Source P e r s i s te n c e  
4 20
a t  °C 
30




e n t e r i t i d i s A2* + + + ng G G
PT 4 A - 9 9 ng G G
PT 4 cured A - + 9 ng G G
PT 4a B - 9 ( 9 ) ng G G
PT 1 B - 9 9 ng G G
PT 6 B - 9 ( 9 ) ng G G
PT 13a C 9 ( 9 ) ng G G
PT 21 B 9 ( g) ng G G
PT 30 B - ( g) 9 ng G G
PT 14b B ( 9 ) ( 9 ) ng G G
PT 5 B - ( 9 ) ( 9 ) ng G G
PT 12 B - ( 9 ) + ng G G
PT 8 C ( 9 ) - ng G G
PT 24 B - + + ng G G
PT 23 B — + — ng G G









Wor th i ngt on D - 9 ( 9 ) ng G G
waycross E - ( 9 ) + ng G G
oh i o D - ( 9 ) + ng G G
brandenberg E - + + ng G G
dub 1 in E - + - ng G G
i n f a n t  is E - + - ng G G
t y p h i  murium A - + + ng G G
montev ideo B + + ng G G
s e n f t e n b e r g D - + + ng G G
g a l  1 inarum F - + - ng G G
p u l  lorurn F - - ng G G
Source; A ,E x e t e r  PHLS; B,CVL (W e y b r id g e ) ;  C ,e x -e g g  USA;
D , B r i t i s h  U n i te d  Tu rkeys;  E ,B a th  U n i v e r s i t y ;  F . B r i s t o l  
Uni v e r s i  t y
- , d i d  no t  p e r s i s t ;  + , p e r s i s t e d ;  ng, no growth;  ( g ) , s l i g h t  
growth -  g e n e r a t io n  t im e  10 -1 9  days; g, growth ,  g e n e r a t io n  
t im e  2 - 1 2  days; G, g e n e r a t io n  t im e  6 - 1 2  hours .
*  a l l  e x p e r im e n ts  done in  d u p l i c a t e  , 2 i n d i c a t e s  t h a t  2 o r  
more t r i a l s  were conducted .
Figure 6 P e rs is te n ce  o f S .en teritid is
in  a lb u m e n  in  vitro





Figure 7 P e rs is te n c e  o f  S .e n te ritid is
in  a lb u m e n  in  v itro









at  4 C — at 20° C a t  30°C
add ition  of 0 .0 0 8 m g /m l Iron III
Figure 8 P e rs is te n c e  o f  S.hadar 
in  a lb u m e n  in  v itro
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Figure 9 P e rs is te n c e  o f  S.W orthington
in  a lb u m e n  in  v itro










—  a t 4 C a t 20 C a t 30 C
addition of 0 .006m g/m l Iron III ^
9 7
Figure 10 P e rs is te n c e  o f  S.ohio  
in  a lb u m e n  in  v itro









Figure u  P e rs is te n c e  o f  S. waycross 
in  a lb u m e n  in  v itro





at  4 C at  20° C at  30°C
addition  of 0 .008m g/m l Iron III
Figure 12 P e rs is te n ce  o f d if fe r e n t  sizes o f
in o c u la  o f S .en terit id is  in  a lb u m e n
in  v itro  (a ) ca. 10 c f u / m l
LoglO c fu /m l
10
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DAYS
( b )  ca . 100 c f u / m l
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a t  4 C — at 20° C a t  30°C
add ition  of 0 .008m g/m J Iron  III
(c ) ca. 1000 c f u / m l







(d )  ca . 1 ,0 0 0 ,0 0 0  c f u / m l
loglO c fu /m l
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o
at  4 C + -  a t  20 C a t  30°C
add ition  of 0 .0 0 8 m g /m l Iron III
Figure 13 P e rs is te n c e  o f d if fe r e n t  sizes o f
in o c u la  o f S.hadar  in  a lb u m e n  in vitro
(a ) ca. 1000 c f u / m l
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a t  4  C
o
at 20 C at  30°C
ad d itio n  o f 0 .0 0 8 m g /m l Iron  111
Figure 14 P e rs is te n ce  o f d if fe r e n t  s izes o f
in o c u la  o f S.puJlorum  in  a lb u m e n  in
v itro  (a ) ca. 1000 c f u / m l
LoglO c fu /m l
6 -
10 20 30 40 50
DAYS
(b )  ca . 1 ,0 0 0 ,0 0 0  c f u / m l
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—  a t 4°C at 2 0 °C a t 30 °C
ad d ition  o f O.OOfimg/ml Iron  111
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T a b le  11. The m o t i 11 t v  o f  S . e n t e r i t i d i s  i n  a lbumen w i t h
n u t r i t i o n a l  s u p p le m e n ts  a t  4 o r  25
Supplement Number o f  
m o t i 1 i t y  
4
days on which  
was observed a t  C 
25
NH4C1 2* 7 -4 0
Growth f a c t o r  s o l u t i o n ( G F ) 2 7 -4 0
Faecal e x t r a c t 5-21 7 -5 0
F e r r i c  ammonium 
c i  t r a t e
30 >50
C o n tro l 2 - 2 0 7 -5 0
Aged albumen 2- 12 7 -4 0
ji(
The v a lu e s  were o b ta in e d  from 3 ex p e r im e n ts  
A minimum o f  200 c e l l s  examined (x1000  phase c o n t r a s t )  per  
sample. O b s e rv a t io n s  were made d a i l y  u n t i l  m o t i l i t y  ceased.
NH4C1, 1mg/ml f i n a l  c o n c e n t r a t io n
Growth f a c t o r  s o l u t i o n  (G F ) ,  mg/ml, p -am inobenzo ic  a c i d ,  10; 
f o l i c  a c i d ,  1 .0 ;  V i ta m in  B ^ y  1 -0 ;  n i c o t i n i c  a c i d ,  1 .0 ;  
p a n t o th e n ic  a c i d ,  1 . 0 ; t h i a m in e ,  1 . 0 ; b i o t i n ,  1 . 0 ; 1 ml 
added t o  albumen.
Faecal e x t r a c t ,  1 /1 0  d i l u t i o n ,  1 ml added t o  albumen 
F e r r i c  ammonium c i t r a t e ,  0 .008mg/ml f i n a l  c o n c e n t r a t io n  
Aged albumen, s to r e d  f o r  7 days a t  30 °C b e fo r e  i n o c u l a t i o n
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T a b le  12. The p e r c e n ta g e  o f  m o t i l e  c e l l s  o f  S . e n t e r i t i d i s  i n  
supp.lemen.ted.-albumen af t e r  5 days....at—'4-QE_-25-yfi
Supplement % o f c e l l s  re m a in in g  
4
m o t i l e  a t  ( C) 
25
NH4 C1 0 - 2 . 5 * 55-72
Growth f a c t o r  s o l u t i o n ( G F ) 0 - 5 30-37
Faecal  e x t r a c t 3 2 -6 0 72-85
F e r r i c  ammonium c i t r a t e 15-32 4 5 -9 8
C o n tro l 0 - 2 5 27-55
Aged albumen 0 - 1 0 14-55
*  A range o f  v a lu e s  were o b ta in e d  from 3 e x p e r im e n ts
A minimum o f  200 c e l l s  examined (x 1000  phase c o n t r a s t )  per  
sample
NH4C 1 , 1 mg/ml f i n a l  c o n c e n t r a t i o n
Growth f a c t o r  s o l u t i o n  ( G F ) ,  (m g /m l ) ,  p -a m in o b e n zo ic  a c id ,  
1 . 0 ; f o l i c  a c i d ,  1 . 0 ; v i t a m i n  B-^t  1 - 0 ; n i c o t i n i c  a c id ,  1 . 0 ; 
p a n t o th e n ic  a c i d ,  1 . 0 ; t h i a m i n e ,  1 . 0 ; r i b o f l a v i n ,  1 . 0 ; 
b i o t i n ,  1 . 0 ; 1 ml added t o  albumen
Faecal  e x t r a c t ,  1 /1 0  d i l u t i o n ,  1 ml added t o  albumen 
F e r r i c  ammonium c i t r a t e ,  0 .0 0 8  mg/ml f i n a l  c o n c e n t r a t io n  
Aged albumen, s to r e d  f o r  7 days a t  30 °C b e f o r e  i n o c u l a t i o n
1 0 4
Figure 15 B e h a v io u r  o f  S .en teritid is  in  a lb u m e n  
in vitro  s u p p le m e n te d  w i th  
(a )  fa e c a l e x t r a c t
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(b )  i r o n - r e d u c e d  fa e c a l e x t r a c t
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SECTION 2
A study o f  th e  a b i l i t y  o f  S . e n t e r i t i d i s  t o  form s o m h ic e l l s  
In  th e  r e s u l t s  p re s en ted  in  t h e  p e r s is t e n c e  s t u d i e s  in  
S e c t io n  1, i t  was observed f r e q u e n t l y  t h a t  S . e n t e r i t i d i s  
f a i l e d  t o  be d e t e c te d  in  albumen f o r  p e r io d s  l a s t i n g  up to  42 
days ( F i g u r e  12a & b ) .  A f t e r  th e  a d d i t i o n  o f  f e r r i c  
ammonium c i t r a t e ,  however, th e  organisms were a g a in  
c u l t u r a b l e  and d e t e c t a b l e  by th e  p l a t e  count method. In  
t h i s  s e c t i o n  t h e r e f o r e  I  sought t o  answer th e  f o l l o w i n g  
q u e s t io n s .  ( 1 )  Does th e  d u r a t i o n  o f  s t r e s s  d e te rm in e  t h e  
t im e  r e q u i r e d  t o  r e s u s c i t a t e  s t r e s s e d  c e l l s  ? ( 2 )  Can
S a l m o ne l l a  e n t e r i t i d i s  be induced t o  form s o m n ic e l l s  in  
albumen ?
P re v io u s  s t u d i e s  in c l u d i n g  th e  p r e s e n t  one o f  th e  
i n f e c t i o n  process  o f  eggs have used c u l t u r e s  t h a t  would be 
deemed p h y s i o l o g i c a l l y  f i t .  I t  i s  open to  debate  w h eth er  or  
not  such a s t a t u s  o b t a i n s  when eggs a re  i n f e c t e d  by th e  
o v id u c a l ,  t r a n s o v a r i a n  o r  t r a n s - s h e l l  r o u t e s .  I t  i s  no t  
p o s s ib le  t o  d e f i n e  p r e c i s e l y  a l l  t h e  f a c t o r s  t h a t  would  
im p a ir  th e  p h y s i o l o g i c a l  f i t n e s s  o f  organisms in  n a t u r e .
The l i t e r a t u r e  does p la c e  emphasis , however, on th e  adv e rs e  
e f f e c t s  o f  s t a r v a t i o n .  In  th e  p r e s e n t  s tudy  s t a r v a t i o n  and 
o t h e r  forms o f  s t r e s s  were ach ie v e d  by s e v e r a l  methods 
b e fo re  s a lm o n e l la s  were in o c u la t e d  i n t o  albumen in v i t r o .
Two methods were adopted in  a t t e m p ts  t o  induce th e  s o m n ic e l l  
s t a t e .  One in v o lv e d  th e  growth o f  S . e n t e r i t i d i s  in  n u t r i e n t  
bro th  o v e r n i g h t  a t  37 °C.  The c e l l s  were then  i n o c u l a t e d  
i n t o  T r i s  b u f f e r  (pH 7 o r  9)  and s t o r e d  a t  37 °C.  A f t e r
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v a r y in g  le n g th s  o f  t im e  th e  c e l l s  were t r a n s f e r r e d  i n t o  
albumen s to r e d  a t  37 °C .  The second in v o lv e d  
t i m e / t e m p e r a t u r e  v a r i a t i o n s  in  th e  t r e a t m e n t  o f  th e  i n i t i a l  
c u l t u r e  in  n u t r i e n t  b r o t h .  The c e l l s  were then  t r a n s f e r r e d  
t o  T r i s  b u f f e r  (pH 9 )  and e v e n t u a l l y  in o c u la t e d  i n t o  albumen 
and s to r e d  a t  20 o r  37 °C.
MATERIALS AND METHODS
( 1 )  A s tudy o f  t h e  t im e  r e q u i r e d  t o  r e s u s c i t a t e  
S . e n t e r i t i d i s  c e l l s  in  r e l a t i o n  t o  th e  d u r a t i o n  o f  th e  
s t a r v a t i o n  p e r io d
An o v e r n ig h t  ( 1 8 h )  c u l t u r e  o f  S . e n t e r i t i d i s  was washed 
( x 2 )  and resuspended in  T r i s  d ihy drox y m e thy l  ami noethane  
( T r i s  b u f f e r ) ,  pH 9 a t  25 °C .  On day one a sample was spun 
down (2000 g f o r  10 m in ) ,  washed ( x 2 )  in  s a l i n e  (0 .85% )  and 
added t o  albumen. On day 2 a second sample was t r e a t e d  in  
th e  same manner. T h is  process was re p e a te d  f o r  13 days.
The a b i l i t y  o f  th e s e  c e l l s  t o  be r e s u s c i t a t e d  was m on i to red  
th ro u g h o u t  th e  e x p e r im e n t  by th e  presence  o r  absence o f  
growth in  B u f f e r e d  peptone w a te r  s t o r e d  o v e r n i g h t  o r  lo n g e r  
a t  30 °C ( g / 1 ;  pep to ne ,  10; N a C l , 5 . 0 ;  Na2PC>4 , 3 . 5 ;  KH2PO4 ,
1 . 5 ) .
( 2 )  The p e r s i s te n c e  o f  s t re s s e d  c e l l s  o f  S . e n t e r i t i d i s  ± q  
albumen in v i t r o
Albumen was h a r v e s te d  as d e s c r ib e d  p r e v i o u s l y .  To 70 
ml o f  albumen was added a c e l l  suspension t h a t  had been 
t r e a t e d  as f o l l o w s .  The c u l t u r e  grown o v e r n i g h t  in  n u t r i e n t  
b ro th  a t  37 was washed in  s a l i n e  ( x 2 )  and t r a n s f e r r e d  t o
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T r i s  b u f f e r  a t  pH 9 ( s i m i l a r  to  albumen) and s to r e d  a t  20 °C 
f o r  3 days.  I t  was then  spun down (2000  g f o r  10 m in ) ,  
washed in  s a l i n e  and d i l u t e d  such t h a t  0 .1  ml c o n ta in e d  c a .
3 x 104 c f u .
D u p l i c a t e  samples were s t o r e d  a t  4 ,  20 o r  30 °C and 
f e r r i c  ammonium c i t r a t e  ( f i n a l  c o n c e n t r a t io n  0 .0 0 8  mg/ml 
Fe3 + ) was added t o  th e  albumen on th e  4 2 nc* day o f  
i n c u b a t i o n .  V i a b l e  counts  were o b ta in e d  on XLD in  d u p l i c a t e  
w i t h  in c u b a t io n  f o r  48 h a t  37 °C.
A comparison o f  methods used t o  de te rm in e  c e l l  v i a b i l i t y  in  
Xnis._huff.er_ and albumen
An o v e r n ig h t  (1 8  h)  S . e n t e r i t i d i s  c u l t u r e  ( 1 0 9 c f u / m l )  
in  n u t r i e n t  b ro th  s to r e d  a t  37 °C was washed in  s a l i n e  ( x 2 )  
and in o c u la t e d  i n t o  T r i s  b u f f e r  (pH 9 )  f o r  3 days s to r a g e  a t  
20 °C .  The c u l t u r e  was then  washed ( x 2 )  in  s a l i n e  b e fo r e  
t r a n s f e r  t o  T r i s  b u f f e r  (pH 9 )  and s to r e d  a t  20 °C u n t i l  day 
16, a t  which t im e  th e  c e l l s  were aga in  washed ( x 2 ) in  s a l i n e  
and f i n a l l y  in o c u la t e d  i n t o  albumen. The number o f  v i a b l e  
c e l l s  in  T r i s  b u f f e r  and albumen was de te rm in e d  by th e  
f o l l o w i n g  methods:
( a )  P l a t e  c o u n t .  V i a b l e  counts were o b ta in e d  by 
s p re a d in g  0 .1  ml o f  an a p p r o p r i a t e  d i l u t i o n  on XLD or  
N u t r i e n t  agar  (Lab M) w i t h  in c u b a t io n  f o r  48 h a t  37 °C.
(b )  P o s t g a t e ’ s method ( 1 9 6 1 ) .  C lean microscope s l i d e s  
( s t o r e d  in  a l c o h o l )  were f la m e  d r i e d .  A p l a s t i c  annulus (22  
mm e x t e r n a l  d ia m e te r  x 1 . 2  mm deep) was p lac e d  on th e  s l i d e .  
A 0 . 2 4  ml p o r t i o n  o f  s t e r i l e  n u t r i e n t  agar  was p laced  i n s i d e  
th e  annulus  and s t o r e d  in  a P e t r i  d ish  u n t i l  ready f o r  use.
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A lo o p f u l  o f  sample was spread on th e  s u r f a c e  o f  th e  
agar  and a l lo w e d  t o  s ta n d  in  th e  P e t r i  d is h  f o r .  10 min. A 
c le a n  c o v e r s l i p  was p la c e d  over  th e  annulus  and a seal  
c r e a t e d  by to u c h in g  a lo o p f u l  o f  d i s t i l l e d  w a te r  t o  th e  
i n t e r f a c e  o f  th e  annu lus  and c o v e r s l i p .  The s l i d e  was then  
s to r e d  a t  37 °C f o r  2 - 4  h. I t  was then  a l lo w e d  t o  cool to  
room te m p e ra tu re  b e f o r e  be ing in s p e c te d  under phase c o n t r a s t  
microscopy ( x 1 0 0 0 ) .  M i c r o - c o l o n i e s  a re  scored  as one v i a b l e  
u n i t  and s i n g l e  c e l l s  as one dead u n i t .  S u f f i c i e n t  f i e l d s  
were counted t o  in c l u d e  300 " o b j e c t s " .  V i a b i l i t y  was scored  
as th e  perc en tag e  o f  v i a b l e  t o  n o n - v i a b l e  c e l l s .
( c )  A c r i d i n e  Orange e p i f 1u o re s c en t  t e c h n iq u e  ( R o l l i n s  and 
C o lw e l l  1 9 8 6 ) .  Samples (1 ml)  were suspended t o  a f i n a l  
volume o f  10 ml in  0.1M KH2 PO4 (BDH: a d ju s t e d  t o  pH 7 .2  w i t h  
NaOH). D i l u t e d  samples were f i l t e r e d  on to  a 25 mm c e l l u l o s e  
n i t r a t e  f i l t e r  ( b l a c k ;  0 .4 5  pm, S a r t o r i u s ) .  F i l t e r s  were  
then  s t a in e d  w i th  0.01% ( w / v )  A c r i d i n e  Orange (Sigma) and 
examined by e p i f l u o r e s e n c e  m icroscopy.  L iv e  c e l l s  s t a in e d  
orange and dead ones green ( o r g a n i c  p a r t i c l e s  s t a in e d  r e d ) .
A b lank  was run a ls o  t o  d e te rm in e  th e  presence o f  any 
c o n ta m in a t in g  b a c t e r i a .
( d )  Trypan Blue (S ig m a-  Anon 19 91 b) .  A c e l l  suspension was 
p re pa red  in  Hanks b a la n c e  s a l t s  s o l u t i o n  (HBS -  Appendix 1 ) .
To a t e s t  tube  was added 0 . 5  ml o f  t r y p a n  b lue  (0 .4%  in  
0.8%, w /v ,  s a l i n e ) ,  0 . 3  ml o f  HBS and 0 . 2  ml o f  d i l u t e d  c e l l  
suspension .  The s o l u t i o n  was mixed th o r o u g h ly  and a l lo w e d  
t o  s tand f o r  5 -1 5  min. The s o l u t i o n  was then  p laced  on a 
haemocytometer g r i d  (Weber S c i e n t i f i c  I n t e r n a t i o n a l  L td )  
w i t h  c o v e r s l i p  in  p la c e  -  c a re  was ta k en  no t  to  o v e r f i l l  th e
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chamber. L iv e  c e l l s  remained c o l o u r l e s s  and dead ones took  
up th e  dye.  C e l l s  on t h e  to p  and l e f t  o f  th e  m id d le  l i n e  o f  
th e  square  o f  th e  g r i d  were c oun ted ,  those  to u c h in g  th e  
m idd le  bottom and r i g h t  were n o t .  A minimum o f  200 c e l l s  
were counted f o r  each sample. Number o f  c e l l s / m l  = avera g e  
c o u n t /s q u a r e  x (5  x 104 ) x d i l u t i o n  f a c t o r .
The v a l i d i t y  o f  th e  t e c h n iq u e  was t e s t e d  by a u t o c l a v i n g  
a c e l l  suspension b e fo r e  s t a i n i n g  w i t h  t r y p a n  b l u e .  The 
number o f  l i v e  c e l l s  were d e te rm in e d .
( e )  M ethy le ne  Blue ( V a i r o  1961; 200 m g /1 , -  BDH). Equal  
volumes o f  c e l l  suspension and m ethy lene  b lue  were mixed 
p r i o r  t o  m ic ro s c o p ic  e x a m in a t io n  ( x 1 0 0 0 ) .  L iv e  c e l l s  
remained c o l o u r l e s s  and dead ones appeared b lu e .
C e l l  s i z e  was m on i to red  th ro u g h o u t  th e s e  e x p e r im e n ts .
A minimum o f  200 c e l l s  were measured using phase c o n t r a s t  
microscopy (x 1 0 0 0 ;  Olympus BH2 and an eye p ie c e  m ic rom ete r  -  
Nuember),  and mean c e l l  l e n g th  was c a l c u l a t e d .
RESULTS
A study o f  methods t o  induce qu iescence  and t h e  r e c o v e ry  o f  
s o m n ic e l ls  o f  S . e n t e r i t i d i s  in  albumen
In  t h i s  s e c t i o n  I  sought t o  answer th e  f o l l o w i n g  
q u e s t io n s .  ( 1 )  Does th e  d u r a t i o n  o f  s t r e s s  d e te rm in e  th e  
t im e  r e q u i r e d  t o  r e s u s c i t a t e  s o m n ic e l l s  ? ( 2 )  Can 
S a l m on e l l a  e n t e r i t i d i s  be induced t o  form s o m n ic e l l s  in  
albumen ?
S a l m o n e l l a  e n t e r i t i d i s  grown in  n u t r i e n t  b r o th  was 
t r a n s f e r r e d  t o  T r i s  b u f f e r  (pH 9 )  w i t h  s to r a g e  f o r  v a r y in g
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l e n g t h s  o f  t im e  b e fo r e  i n o c u l a t i o n  i n t o  albumen ( a t  20 ° C ) .  
R e s u s c i t a t i o n  was m on i to red  by t h e  presence o r  absence o f  
growth in  b u f f e r e d  peptone w a te r  a f t e r  in c u b a t io n  a t  30 °C .
From T a b le  13 i t  i s  a p p a r e n t  t h a t  a f t e r  7 days in  T r i s  
b u f f e r  (pH 9 ) ,  S . e n t e r i t i d i s  was n o t  r e s u s c i t a t e d .  By 
i n c r e a s in g  th e  le n g t h  o f  t im e  in  T r i s  b u f f e r /a lb u m e n ,  i t  
became i n c r e a s i n g l y  d i f f i c u l t  t o  r e s u s c i t a t e  th e  c e l l s  i e .  
f rom <18 i n i t i a l l y  t o  48 h. E v e n t u a l l y  r e s u s c i t a t i o n  d id  
n o t  o c c u r .  T h is  e x p e r im e n t  i n d i c a t e d  t h a t  a f t e r  48 h 
i n c u b a t io n  no f u r t h e r  organisms were reco ve re d  from th e  
r e s u s c i t a t i o n  medium. T h is  in c u b a t io n  t im e  was t h e r e f o r e  
adopted in  t h e  f o l l o w i n g  t r i a l s  f o r  a l l  p l a t e  c o u n ts .
A t  th e  o u t s e t  a t t e n t i o n  was d i r e c t e d  a t  th e  r o l e  o f  
media in  th e  re c o v e r y  o f  s t r e s s e d  c e l l s .  An o v e r n i g h t  
c u l t u r e  in  n u t r i e n t  b r o th  a t  37 °C was washed in  s a l i n e  
( x 2 ) ,  t r a n s f e r r e d  t o  T r i s  b u f f e r  (pH 9 )  and s to r e d  a t  20 °C  
f o r  3 days.  I t  was then  h a r v e s te d  by c e n t r i f u g a t i o n  (2000  g 
f o r  10 m in ) ,  washed in  s a l i n e  and d i l u t e d  such t h a t  th e  
inoculum ( 0 .1  m l)  c o n ta in e d  £ a .  3 x 104 c f u / m l . I t  i s  
e v i d e n t  from F ig u r e  18 t h a t  th e  numbers o f  organisms  
reco ve re d  on NA were g r e a t e r  than  th o s e  on XLD a g a r .  T h is  
d i f f e r e n c e  was a c c e n tu a te d  w i t h  an in c r e a s e  in  th e  p e r io d  o f  
i n c u b a t io n  o f  s t r e s s e d  c e l l s .  Such d i f f e r e n c e s  d id  not  
o b t a i n  w i t h  p h y s i o l o g i c a l l y  f i t  organisms ( F i g u r e  1 8 ) .  I n  
v iew o f  th e s e  r e s u l t s ,  NA was used in  subsequent s t u d i e s .
S a l m o n e l l a  e n t e r i t i d i s  was s u b je c te d  t o  th e  f o l l o w i n g  
c o n d i t i o n s .  A f t e r  o v e r n i g h t  in c u b a t io n  in  n u t r i e n t  b ro th  a t  
37 °C ,  th e  c u l t u r e  was washed in  s a l i n e  ( x 2 )  t r a n s f e r r e d  t o  
T r i s  b u f f e r  (pH 9 ) ,  s to r e d  f o r  3 days a t  20 °C and, a f t e r
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being  washed on 2 f u r t h e r  o c c a s io n s ,  i n o c u l a t e d  i n t o  
albumen. The b e h a v io u r  o f  organisms t r e a t e d  i n  t h i s  way was 
m arked ly  d i f f e r e n t  ( F i g u r e  19)  f rom  t h a t  n o ted  i n  s t u d i e s  o f  
■‘u n s t re s s e d "  c e l l s  ( F i g u r e  6 & 7 ) .  I n  t h e  fo r m e r  case t h e r e  
was a p r o g r e s s iv e  d e c l i n e  i n  t h e  number o f  c e l l s  such t h a t  
none was reco ve re d  by day 20 a t  20 °C and day 28 a t  30 °C .  
There  appeared t o  be spontaneous " v i a b i l i t y "  r e c o v e r y  o f  
some organisms in  albumen between days 35 -41  a t  30 °C .  Even 
so t h e  a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  r e s u l t e d  in  v e ry  
l a r g e  p o p u la t i o n s  d e v e lo p in g  w i t h i n  24 h in  albumen  
in c u b a te d  a t  20 and 30 °C ,  b u t  n o t  a t  4 °C .
The des ign  o f  t h e  e x p e r im e n ts  d is c u s s e d  above was such 
t h a t  t h e r e  was no means o f  d i s t i n g u i s h i n g  between c e l l  d e a th  
and t h e  p o s s ib le  f o r m a t i o n  o f  s o m n ic e l l s  t h a t  f a i l e d  t o  grow 
on NA. Even so th e s e  i n i t i a l  e x p e r im e n ts  le d  t o  t h e  b e l i e f  
t h a t  s t r e s s e d  S . e n t e r i t i d i s  may w e l l -  have been induced t o
i
form s o m n ic e l l s  d u r in g  s to r a g e  in  a lbum en,and i d e n t i f i e d  th e  
need f o r  d i r e c t  means o f  t e s t i n g  v i a b i l i t y .
Many m ic r o s c o p ic a l  methods have been d eve lop ed  t o  
i d e n t i f y  v i a b l e  c e l l s  in  a p o p u l a t i o n .  I n  t h e  p r e s e n t  
s tu d y ,  3 s t a i n i n g  methods (Trypan  b l u e ,  A c r i d i n e  orange and 
M e th y le n e  b l u e ) ,  and P o s t g a t e ’ s s l i d e  c u l t u r e  method were  
assessed^ In  a l l  i n s t a n c e s ,  m ic r o s c o p ic a l  coun ts  o f  200 
c e l l s  and v i a b l e  counts  (on NA) on t h e  same c u l t u r e  were  
compared.
I t  i s  e v i d e n t  f rom F ig u r e  20 t h a t  T rypan  b lu e  and 
M e th y le n e  b lu e  gave th e  h i g h e s t  v i a b i l i t y  s c o re s  in  a 
comparison o f  s t a i n i n g  methods. M e th y le n e  b lu e  was no t  
adopted f o r  f u r t h e r  work because o f  t h e  l i m i t e d  l i t e r a t u r e
on i t s  use in  b a c t e r i o l o g y .  Trypan b lu e ,  on t h e  o t h e r  hand 
has been used in  s t u d i e s  w i t h  b a c t e r i a  (T a b le  9 )  and was 
adopted .  Dead c e l l s  ta k e  up th e  Trypan b lu e ,  v i a b l e  c e l l s  
do no t  (Anon 1 9 9 1 b ) .  Thus, f o r  example, more than  98% o f  
th e  c e l l s  in  an a u to c la v e d  c u l t u r e  o f  S . e n t e r i t i d i s  s t a in e d  
b lue  whereas none o f  thos e  in  an in cu bated  c o n t r o l  d id  so.  
There  was an e x c e l l e n t  c o r r e l a t i o n  a ls o  between th e  number 
o f  u n s ta in e d  (u n s t r e s s e d )  c e l l s  and th e  v i a b l e  count  on NA 
when sampled in  sequence ( T a b l e  1 4 ) .
Two approaches were adopted t o  s t r e s s  c e l l s  (T a b le  15)  
In  t r i a l  1 and 2, S . e n t e r i t i d i s  was grown o v e r n i g h t  in  
n u t r i e n t  b r o th  a t  37 °C b e fo r e  th e  h a rv e s te d  (20 00  g x 10 
min) p o p u la t i o n  was s t r e s s e d  by s to r a g e  in  T r i s  b u f f e r  (pH 
9 )  f o r  v a r y in g  le n g th s  o f  t im e .  The c e l l s  were t r a n s f e r r e d  
e v e n t u a l l y  t o  albumen. In  t r i a l s  3 and 4 v a r i o u s  
t i m e / t e m p e r a t u r e  s t r e s s e s  were a p p l ie d  to  a growing  
organism . T r i s  b u f f e r  was used in  a l l  e x p e r im e n ts .  I t  was 
presumed t h a t  s t r e s s  was th e  outcome o f  an i n t e r p l a y  o f  
n u t r i e n t  d e p r i v a t i o n ,  ammendment o f  c e l l  w a l l s  (removal o f  
d i v a l e n t  c a t i o n s )  and u n fa v o u ra b le  pH.
T r i a l  1
S a l m o n e l l a  e n t e r i t i d i s  grown o v e r n ig h t  in  n u t r i e n t  
bro th  a t  37 °C was washed and s to r e d  in  T r i s  b u f f e r  (pH 9)  
b e fo r e  t r a n s f e r  t o  albumen on days 2 ( F i g u r e  2 1 ) ,  6 ( F i g u r e  
22)  and 14 ( F i g u r e  2 3 ) .  I n  th e s e  t r i a l s  th e  s to r a g e  
t e m p e ra tu re  o f  37 °C was chosen, as i t  p r o v id e s  th e  optimum 
in c u b a t io n  te m p e ra tu r e  f o r  S . e n t e r i t i d i s .  I n  each case  
t h e r e  was a common t r e n d  namely an a p p a re n t  lo ss  o f  
v i a b i l i t y  o f  th e  organism in  albumen or  T r i s  b u f f e r  as
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indexed by th e  p l a t e  count  method bu t  n o t  w i t h  Trypan b lu e  
( d i r e c t )  c o u n t .  The a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  t o  
th e  albumen c o n t a i n i n g  organisms t r a n s f e r r e d  from T r i s  
b u f f e r  on day 2 le d  t o  th e  p l a t e  count  e q u a l l i n g  th e  d i r e c t  
counts p ro b a b ly  w i t h i n  24 hours .  T h is  was th e  s i t u a t i o n  
a ls o  w i t h  those  organisms i n o c u la t e d  i n t o  albumen on days 6 
and 14.
Trial 2
The e x p e r im e n ts  d e s c r ib e d  above p ro v id e d  p o s s ib le  
e v idence  t h a t  s t r e s s e d  S . e n t e r i t i d i s  formed s o m n ic e l l s  when 
in cu bated  in  albumen or  T r i s  b u f f e r .  A d d i t i o n a l  s t u d i e s  
were done t o  d e te rm in e  w hether  o r  no t  s o m n ic e l l s  formed in  
T r i s  b u f f e r  a d ju s t e d  t o  pH 7 and in c u b a te d  a t  37 °C.  In  t h i s  
in s ta n c e  t h e r e  was no dem onstrab le  d i f f e r e n c e  between t o t a l  
and v i a b l e  counts  when th e  organism was t r a n s f e r r e d  from  
T r i s  b u f f e r  (pH 7)  on th e  2 nc^  day o f  s to r a g e  ( F i g u r e  2 4 )  o r  
a f t e r  re p e a te d  t r a n s f e r  from T r i s  b u f f e r  (pH 7)  t o  T r i s  
b u f f e r  (pH 7) on days 2 ,  4 and 6 and f i n a l l y  i n t o  a lbumen.on  
day 14 ( F i g u r e  2 5 ) .  I n  p r a c t i c e  t h e r e  was s l i g h t  growth o f  
th e  organism in  a l l  in s t a n c e s .  The r e s u l t s  o b ta in e d  from  
t h i s  s u b c u l t u r i n g  regime but  w i t h  T r i s  b u f f e r  a d ju s te d  t o  pH 
9 were comparable  t o  those  o b ta in e d  in  T r i a l  1. Thus a f t e r  
t r a n s f e r  t o  albumen on day 2 ( F i g u r e  2 6 ) ,  t h e r e  was a 
complete  lo ss  o f  v i a b i l i t y  as judged by th e  p l a t e  count  
method but  no t  by th e  s t a i n i n g  method. On a d d i t i o n  o f  
f e r r i c  ammonium c i t r a t e ,  however, t h e  numbers o f  v i a b l e  
organisms o b ta in e d  by th e  p l a t e  count  method e q u a l l e d  th o s e  
o f  th e  d i r e c t  c o u n t .  There  was, however, com plete  lo ss  o f  
v i a b i l i t y ,  as judged  by the  p l a t e  count  but  no t  th e  s t a i n i n g
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method, when S . e n t e r i t i d i s  was t r a n s f e r r e d  t o  albumen on day 
14. Moreover  th e  a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  t o  
albumen d i d  n o t  r e s u l t  in  th e  r e c o v e ry  o f  c e l l  v i a b i l i t y  
( F i g u r e  2 7 ) .  I t  was assumed t h a t  th e  s t r e s s e s  imposed on 
th e  organ ism  were to o  g r e a t  f o r  th e  t r a n s i t i o n  f rom  th e  
s o m n ic e l l  s t a t e  t o  c u l t u r a b l e  c e l l s  t o  o ccur  w i t h  f e r r i c  
ammonium c i t r a t e  a lo n e .
T r i a l  3
From th e s e  e x p e r im e n ts  i t  i s  e v i d e n t  t h a t  S . e n t e r i t i d i s  
grown o v e r n i g h t  in  n u t r i e n t  b r o th  a t  37 °C was c a p a b le  o f  
r e t a i n i n g  v i a b i l i t y  in  T r i s  b u f f e r  o r  a lbumen. I n  o t h e r  
e x p e r im e n ts  S . e n t e r i t i d i s  was s t o r e d  i n i t i a l l y  in  n u t r i e n t  
b r o th  f o r  9 days a t  4 °C b e fo r e  f u r t h e r  i n c u b a t i o n  o v e r n i g h t  
a t  37 °C .  The c u l t u r e s  were then  s t o r e d  a t  4 °C f o r  19 
days,  washed in  s a l i n e  ( x 2 ) b e fo r e  be in g  in o c u l a t e d  i n t o  
albumen o r  T r i s  b u f f e r  (pH 9 )  and in c u b a te d  a t  37 °C .  As 
judged by t h e  p l a t e  count  method, organisms i n o c u l a t e d  i n t o  
albumen ( F i g u r e  2 8 )  showed a v e ry  slow d e c rea s e  in  v i a b l e  
numbers w i t h  t i m e .  On th e  a d d i t i o n  o f  f e r r i c  ammonium 
c i t r a t e ,  t h e  numbers o f  v i a b l e  organisms in  albumen d e t e c t e d  
by t h e  p l a t e  count  method e q u a l l e d  thos e  s cored  by th e  
d i r e c t  co u n t  method. When c e l l s  were in c u b a te d  in  T r i s  
b u f f e r  f o r  31 days b e f o r e  t r a n s f e r  t o  albumen, t h e  numbers 
re c o v e re d  on NA d e c l i n e d  r a p i d l y .  V i a b l e  organisms were n o t  
d e t e c t e d  by t h i s  method u n t i l  th e  a d d i t i o n  o f  f e r r i c  
ammonium c i t r a t e  t o  albumen. Again t h i s  le d  t o  th e  p l a t e  
counts  e q u a l l i n g  th e  d i r e c t  counts  ( F i g u r e  2 9 ) .
116
T r i a l  4
In c u b a t io n  o f  t h e  organisms a t  s t r e s s  te m p e ra tu re s  (37  
°C o v e r n i g h t ,  24 h a t  44 °C and 24 h a t  37 °C )  led  t o  t h e  
number o f  organisms re co ve re d  from albumen s to r e d  a t  20 °C 
( F i g u r e  30 )  on NA d e c l i n i n g  p r o g r e s s i v e l y  t o  below  
d e t e c t a b l e  l e v e l s  ov e r  22 days. The a d d i t i o n  o f  f e r r i c  
ammonium c i t r a t e  on t h e  29 t *n day led  t o  th e  p l a t e  counts  
e q u a l l i n g  th e  d i r e c t  c o u n ts .  In  t h i s  t r i a l  t h e  s to r a g e  
t e m p e r a t u r e  (20  °C )  was chosen f o r  comparison w i t h  th e  
p r e v io u s  t r i a l s  (37 ° C ) .  An a t te m p t  was made t o  i n v e s t i g a t e  
th e  p o s s i b i l i t y  t h a t  a lower  s to r a g e  te m p e ra tu r e  may 
in c r e a s e  th e  a b i l i t y  o f  S . e n t e r i t i d i s  t o  re c o v e r  from t h e  
s o m n ic e l l  s t a t e .  Comparable r e s u l t s  were o b ta in e d  a ls o  when 
S . e n t e r i t i d i s  was t r a n s f e r r e d  a f t e r  31 days o f  s to ra g e  from  
T r i s  b u f f e r  (pH 9 )  t o  albumen ( F i g u r e  3 1 ) .  Again the  
a d d i t i o n  o f  f e r r i c  ammonium c i t r a t e  led  t o  th e  re co ve ry  o f  
c u l t u r a b i 1i t y  such t h a t  th e  p l a t e  counts  e q u a l l e d  th e  d i r e c t  
c o u n t s .
Throughout th e s e  e x p e r im e n ts  c e l l  s i z e  was measured bu t  
f r a c t i o n a t i o n ,  c o n s id e re d  to  be a g e n e ra l  r e a c t i o n  t o  s t r e s s  
(Koch 1 9 7 9 ) ,  was n o t  seen.  I n f a c t  a sm al l  number o f  c e l l s  
( < 1 0 *  o f  th e  p o p u l a t i o n )  were 5 -6  pm lo ng .
The r e s u l t s  p r e s e n te d  in  th e  f i r s t  2 s e c t i o n s  o f  t h i s  
study  i n d i c a t e  t h a t  organisms p r e s e n t  in  th e  albumen remain  
q u ie s c e n t  u n t i l  th e  a n t i m i c r o b i a l  p r o p e r t i e s  o f  th e  albumen  
a r e  negated .  Some o f  th e s e  c e l l s  may w e l l  e n t e r  the  
s o m n ic e l l  s t a t e .  They a r e  v i a b l e  as d e te rm in e d  by the  
d i r e c t  count method, bu t  n o n - v i a b l e  by th e  p l a t e  count  
method. These c e l l s  may be induced t o  e xpress  t h e i r  t r u e
p o p u la t i o n  s i z e  i e .  become c u l t u r a b l e  o r  even m u l t i p l y ,  in  
r e s u s c i t a t i o n  media such as B u f fe r e d  peptone w a t e r .  T h is  
may be induced a ls o  by th e  a d d i t i o n  o f  compounds which  
negate  t h e  a n t i m i c r o b i a l  p r o p e r t i e s  o f  th e  albumen eg.  
f e r r i c  ammonium c i t r a t e .  R e s u s c i t a t i o n  was o n ly  p o s s ib le  
th e  s t r e s s e s  on th e  organism had no t  been to o  g r e a t  t o  
p r e v e n t  re c o v e ry  and i f  t h e  organism was s t o r e d  a t  growth  
promoting te m p e ra tu r e s .  I t  was no te w orthy  t h a t  
S . e n t e r i t i d i s  d id  not  appear  t o  undergo f r a c t i o n a t i o n  when 
exposed t o  s t r e s s .
118
T a b le  14. The r e s u s c i t a t i o n  o f  S . e n t e r i t i d i s  in  B u f fe r e d
peptone w a te r  a t  30 a f t e r  s to r a g e  in  T r i s  pH 9 a t  37
No.days in  No.days in  R e s u s c i t a t i o n
T r i s  pH 9 Albumen ach ieved  t im e  ta k en
a f t e r  (d a y s )  in  BPW (h )
0 30 30 <18
1 29 30 <18
2 28 30 <18
4 26 5 24
5 25 8 24
6 24 7 48
7 23 13 48
8 22 - -
12 18 - -
13 17 _ _
-  r e s u s c i t a t i o n  no t  ach ieved
T h is  e x p e r im e n t  was done t w i c e ,  in  d u p l i c a t e  on both  
o c c a s io n s .  The r e s u l t s  show th e  average  t im e  r e q u i r e d  t o  
r e s u s c i t a t e d  th e  organism . There  was no v a r i a t i o n  in  th e  
number o f  days a f t e r  which r e s u s c i t a t i o n  was im p o s s ib le .  
BPW -  B u f fe r e d  peptone w a te r .
F i g u r e  18.
S a l m o n e l l a  e n t e r i t i d i s  was in cu b a ted  o v e r n i g h t  in  n u t r i e n t  
b r o th  a t  37 °C .  The c u l t u r e  was then  washed in  s a l i n e  ( x 2 ) ,  
h a r v e s te d  by c e n t r i f u g a t i o n  ( 2000  g x 10 min) and 
t r a n s f e r r e d  t o  T r i s  b u f f e r  (pH 9 )  f o r  3 days s to r a g e  a t  20 
°C .  The c e l l s  were then  washed ( x 2 ) a g a in ,  b e fo r e  
i n o c u l a t i o n  i n t o  albumen.
Figure i8 The behaviour of stressed and  
unstressed S .en te r i t id is  in  a lb u m e n
v i t ro  at 20 C
lo g lO  c f u / m l
C e ll t r e a tm e n t /A g a r  
—  S tre sse d /X L D  
* S tre s s e d /N A
■*“  U n s tre s s e d  /X LD  







100 2 6 84
Days
XLD and N u tr ie n t  Agar (NA) * = th e  
resu lts  of 2 separate  exp erim en ts
F i g u r e  19.
S a l m o n e l l a  e n t e r i t i d i s  was in cu b a ted  o v e r n i g h t  in  n u t r i e n t  
b ro th  a t  37 °C .  The c u l t u r e  was then  washed in  s a l i n e  ( x 2 ) ,  
h a rv e s te d  by c e n t r i f u g a t i o n  ( 2000  g x 10 min) and 
t r a n s f e r r e d  t o  T r i s  b u f f e r  (pH 9 )  f o r  3 days s to r a g e  a t  20 
°C.  The c e l l s  were then  washed ( x 2 )  a g a in ,  b e fo r e  
i n o c u l a t i o n  i n t o  albumen.
Figure 19 Fate o f s tressed  S ,en teritid is
in  a lb u m e n  in  vitro
(a ) E x p e r im e n t 1
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(b )  E x p e r im e n t  2






addition of 0 .008m g/m l Iron HI. |  
Results obtained on Nutrient Agar
F i g u r e  20.
An o v e r n i g h t  c u l t u r e  o f  S . e n t e r i t i d i s  in  n u t r i e n t  b ro th  
in c u b a te d  a t  37 °C was washed in  s a l i n e  ( x 2 )  and t r a n s f e r r e d  
t o  T r i s  b u f f e r  (pH 9 )  f o r  s to r a g e  (2  days) a t  20 °C .  The 
c e l l s  were washed a g a in  in  s a l i n e  ( x 2 ) and t r a n s f e r r e d  t o  
T r i s  b u f f e r  b e fo re  f i n a l  i n o c u l a t i o n  i n t o  albumen a f t e r  th e  
1 6 ^  day o f  s to ra g e  a t  20 °C .
Figure 2 0 T he behaviour of in  Tris
b u ffe r  (pH 9) and a lb u m en  as in d ica ted  
by p la te  counts and d ire c t  counts
1 0
8
P la te  co u n t (NA)
Trypan  b lue 6
M eth ylene b lue
A crid ine  orange 4
Postgates s lide*
% v ia b ility 2
0
Log lO  c f u / m l
i
A
T =Tran sfer to Tris, A = Transfer to
album en. Addition of 0 .0 0 8 m g /m l Iron III
Average of 2 experim ents
t
100












T a b le  13. A comparison o f  th e  p l a t e  count  method (NA) and 
St 
S.
i r e c t  count  method (Trypan  b lu e )  on u n s tre s se d  
► . e n t e r i t i d i s  c e l l s  from n u t r i e n t  b ro th  a t  37 u (
Method
T r i a l  1 T r i a l  2 T r i a l  3 T r i a l  4 T r i a l  5
NA
( c f u / m l )
3 . 2 x 1 0 5 4 . 4 x 1 0 s 2 . 7 x 1 0 s 5 . 6x 10 6 7 . 2 x 1 0 s
T rypan  
bl ue 
( v i a b l e  
c e l l  No.
3 . 7 x 1 0 s
)
4 . 6 x 1 0 s 2 . 5 x 1 0 S 6 . 1x 10s 7 .0 x 1 0 s
S a l m o n e l l a  e n t e r i t i d s  was grown in  n u t r i e n t  b r o th  o v e r n ig h t  
a t  37 C and d i l u t e d  in  R in g ers  s o l u t i o n .  The number o f  
c e l l s  p r e s e n t  was de te rm ined  by th e  p l a t e  count ( d u p l i c a t e  
p l a t e s )  and d i r e c t  count  methods (a  minimum o f  200 c e l l s ) .  
A l l  r e s u l t s  were o b ta in e d  from th e  same c u l t u r e  
s e q u e n t ia l  1y .
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T a b le  14. E x p e r im e n ta l  c o n d i t io n s  used t o  induce S . e n t e r i t i d i s  
t o  form s o m n ic e l l s  in  T r i s  b u f f e r  and albumen
T r i a l  P r e p a r a t i o n  o f  
mother c u l t u r e  
in  n u t r i e n t  
b ro th
T r a n s f e r
f ( ° C )
to T r a n s f e r  on day, t o
2 4 6 14
1 o v e r n i  g^ t  
37 C
T r i s  pH 9 
( 3 7 )
A Albumen -  -
ia i i B T r i s  T r i s  Albumen
■ i i C T r i s  T r i s  T r i s  Albumen
2 o v e r n i g h t  
37 °C
T r i s  pH 7*  
( 3 7 )
A Albumen -  -  -
" II C T r i s *  T r i s *  T r i s *  Albumen
o v e rn i  ght  
37 °C
T r i s  pH 9 
( 3 7 )
A Albumen -  -  -
ia ■ C T r i s  T r i s  T r i s  Albumen
3 9 days a t  4°C  
o v e r n i g h t  a t  
37 °C .  19 days 
a t  4 C
A1bumen 
( 3 7 )
D
" T r i s  pH 9 
( 3 7 )
E added t o  albumen on day 31
4 O v e r n ig h t  a t  
37 C, 24 h 
a t  44 °C then  
24 h a t  37 °C
A1bumen 
( 2 0 )
D
i i T r i s  pH 9 
( 2 0 )
E added t o  albumen on day 31
f  = The c u l t u r e  was c e n t r i f u g e d (2000  g x 10 m in ) ,  washed in
s a l i n e  ( x 2 )  b e fo r e  t r a n f e r .  
*  = T r i s  b u f f e r  pH 7 
-  = No f u r t h e r  t r e a t m e n t
A = C e l l s  in o c u la t e d  i n t o  albumen on day 2 a t  37 °C
B = C e l l s  t r a n s f e r r e d  from T r i s  b u f f e r  t o  T r i s  b u f f e r  on day 2
and a g a in  on day 4 ,  and f i n a l l y  i n t o  albumen on day 6 .  S to red  
a t  37 °C
C = As B, but  on day 6 t r a n s f e r  was from T r i s  t o  I r i s  b e fo r e
t r a n s f e r  t o  albumen on day 14. S to re d  a t  37 C
D = C e l l s  t r a n s f e r r e d  d i r e c t l y  i n t o  albumen (day 0 )
E = C e l l s  t r a n s f e r r e d  t o  albumen a f t e r  31 days in  T r i s
F igure  21 The b e h a v io u r  of in
a lb u m e n  a t  37 C fo llo w in g  stress in  Tris
b u f fe r  (pH  9)
loglO c f u / m l
P la te  c o u n t  (NA) 
Trypan b lue  c o u n t
A = Transfer to Albumen.
Addition of 0 .008 m g /m l Iron  III
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F i g u r e  22 .  T a b le  15 -  T r i a l  1 -  T r e a t m e n t  B
S a l m o n e l l a  e n t e r i t i d i s  was grown o v e r n i g h t  in  n u t r i e n t  b r o th  
a t  37 °C .  The c u l t u r e  was washed in  s a l i n e  ( x 2 )  b e fo r e  
t r a n s f e r  t o  T r i s  b u f f e r  (pH 9 ) .  On th e  second day o f  
i n c u b a t io n  th e  c e l l s  were washed a g a in  in  s a l i n e  ( x 2 ) and 
in o c u la t e d  i n t o  T r i s  b u f f e r .  T h is  was re p e a te d  on day 4 .
The c e l l s  were t r a n s f e r r e d  t o  albumen on day 6 f o r  s t o r a g e  
a t  37 °C.
F i g u r e  22 The b e h a v io u r  of in
a lb u m e n  a t  37 C fo llo w in g  stress in  Tr is
b u f fe r  (pH 9)
lo g lO  c f u / m l
P la te  c o u n t  (NA) 
"• T ry p a n  b lu e  c o u n t
T = Transfer to  Tris, A = Transfer to
albumen. Addition of 0 .0 08m g /m l Iron III
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F i g u r e  23. T a b le  15 -  T r i a l  1 -  T r e a t m e n t  C
S a l m o n e l l a  e n t e r i t i d i s  was grown o v e r n i g h t  in  n u t r i e n t  b r o th  
a t  37 °C .  The c u l t u r e  was washed in  s a l i n e  ( x 2 )  b e fo r e  
t r a n s f e r  t o  T r i s  b u f f e r  (pH 9 ) .  On t h e  second day o f  
i n c u b a t io n  th e  c e l l s  were washed a g a in  in  s a l i n e  ( x 2 ) and 
i n o c u la t e d  i n t o  T r i s  b u f f e r .  T h is  was re p e a te d  on day 4 and 
a g a in  on day 6 . The c e l l s  were e v e n t u a l l y  t r a n s f e r r e d  t o  
albumen on day 14 f o r  s to r a g e  a t  37 °C .
Figure 23 The b e h a v io u r  of in
a lb u m e n  a t  37 C fo llo w in g  stress in  T r is
b u f fe r  (pH  9)
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n t
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T = Transfer to Tris, A = Transfer to
albumen. Addition of 0 .0 08m g /m l Iron III
Result of 1 experim ent
F i g u r e  24 .  T a b l e  15 -  T r i a l  2 -  T r e a t m e n t  A
S a l m o n e l l a  e n t e r i t i d i s  was grown o v e r n i g h t  in  n u t r i e n t  b r o th  
a t  37 °C .  The c u l t u r e  was washed in  s a l i n e  ( x 2 )  b e fo r e  
t r a n s f e r  t o  T r i s  b u f f e r  (pH 7 ) .  On th e  second day o f  
i n c u b a t io n  t h e  c e l l s  were washed a g a in  in  s a l i n e  ( x 2 ) and 
i n o c u l a t e d  i n t o  albumen f o r  s to r a g e  a t  37 °C.
F igure  24 The b e h a v io u r  of in
a lb u m e n  a t  37 C fo llo w in g  stress in  T ris
b u f fe r  (pH 7)
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n ts
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F i g u r e  25. T a b l e  15 -  T r i a l  2 -  T r e a t m e n t  C
Salmonel  la e n t e r i t i d i s  was grown o v e r n i g h t  in  n u t r i e n t  b r o th  
a t  37 °C .  The c u l t u r e  was washed in  s a l i n e  ( x 2 )  b e fo r e  
t r a n s f e r  t o  T r i s  b u f f e r  (pH 7 ) .  On th e  second day o f  
in c u b a t io n  t h e  c e l l s  were washed a g a in  in  s a l i n e  ( x 2 ) and 
i n o c u l a t e d  i n t o  T r i s  b u f f e r .  T h is  was re p e a te d  on day 4 and 
a g a in  on day 6 . The c e l l s  were e v e n t u a l l y  t r a n s f e r r e d  t o  
albumen on day 14 f o r  s to r a g e  a t  37 °C .
F igure  25 The b e h a v io u r  of in
a lb u m e n  a t  37 C fo llo w in g  stress' in  Tris
b u f fe r  (pH  7)
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n t
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T = Transfer to Tris, A = Transfer to
albumen. Results of 1 experim ent
F i g u r e  26. T a b le  15 -  T r i a l  2 -  T r e a t m e n t  A
S a l m o n e l l a  e n t e r i t i c f i s  was grown o v e r n i g h t  in  n u t r i e n t  b r o th  
a t  37 °C .  The c u l t u r e  was washed in  s a l i n e  ( x 2 )  b e f o r e  
t r a n s f e r  t o  T r i s  b u f f e r  (pH 9 ) .  On th e  second day o f  
i n c u b a t io n  th e  c e l l s  were washed a g a in  in  s a l i n e  ( x 2 ) and 
i n o c u la t e d  i n t o  albumen f o r  s t o r a g e  a t  37 °C.
Figure 26 The b e h a v io u r  of in
a lb u m e n  a t  37 C fo llo w in g  stress in  T ris
b u f fe r  (pH 9)
lo g lO  c f u / m l
P la te  c o u n t  (NA)
 ^ T ry p a n  b lu e  c o u n t
A =Transfer to albumen,
Addition of 0 .008m g /m l Iron  III
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F i g u r e  27. T a b le  15 -  T r i a l  2 - T r e a t m e n t  C
S a l m o n e l l a  e n t e r i t i d i s  was grown o v e r n i g h t  in  n u t r i e n t  
b r o th  a t  37 °C.  The c u l t u r e  was washed in  s a l i n e  ( x 2 )  
b e f o r e  t r a n s f e r  t o  T r i s  b u f f e r  (pH 9 ) .  On th e  second day 
o f  in c u b a t io n  th e  c e l l s  were washed a g a in  in  s a l i n e  ( x 2 ) 
and i n o c u la t e d  i n t o  T r i s  b u f f e r .  T h is  was r e p e a te d  on 
day 4 and a g a in  on day 6 . The c e l l s  were e v e n t u a l l y  
t r a n s f e r r e d  t o  albumen on day 14 f o r  s t o r a g e  a t  37 °C .
Figure 27 The b e h a v io u r  of in
a lb u m e n  a t  37 C fo llo w in g  stress in  T r is
b u f fe r  (pH  9)
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n t
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T =Transfer to Tris, A = Transfer to
albumen. Addition of 0 .00 8 m g /m l Iron III
Results of 1 experim ent
F i g u r e  28. T a b le  15 -  T r i a l  3 -  T r e a t m e n t  D
S a l m o n e l l a  e n t e r i t i d i s  was grown in  n u t r i e n t  b r o th  f o r  9 
days a t  4 °C .  T h is  c u l t u r e  was then  s to r e d  o v e r n i g h t  a t  37 
°C ,  b e fo r e  be ing  s to r e d  f o r  19 days a t  4 °C. The c e l l s  were  
washed in  s a l i n e  ( x 2 ) b e fo r e  t r a n s f e r  t o  albumen in c u b a te d  
a t  37 °C.
F igure  28 The behaviour of stressed  
S .e n te r i t id is  in  a lb u m en  
at 37 °C
lo g lO  c f u / m l
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n t
ad d itio n  of 0 .0 0 8 m g /m l Iro n  III 
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F i g u r e  29 .  T a b l e  15 -  T r i a l  3 -  T r e a t m e n t  E
S a l m o n e l l a  e n t e r i t i d i s  was grown in  n u t r i e n t  b r o th  f o r  9 
days a t  4 °C .  T h is  c u l t u r e  was then  s t o r e d  o v e r n i g h t  a t  37 
°C ,  b e fo r e  be ing  s to r e d  f o r  19 days a t  4 °C .  The c e l l s  were  
washed in  s a l i n e  ( x 2 )  b e fo r e  t r a n s f e r  t o  T r i s  b u f f e r  (pH 9)  
in c u b a te d  a t  37 °C .
F i g u r e  29 The b e h a v io u r  o f in
a lb u m e n  a t  37 C fo llo w in g  stress in  Tris
b u f fe r  (pH  9)
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n t
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A = Transfer to album en,
Addition of 0 .0 0 8 m g /m l Iron  I I I
Results of 1 experim ent
F i g u r e  30 .  T a b le  15 -  T r i a l  4 -  T r e a t m e n t  D
S a l m o n e l l a  e n t e r i t i d i s  was grown o v e r n i g h t  in  n u t r i e n t  b ro th  
a t  37 °C .  T h is  c u l t u r e  was then  s to r e d  f o r  24 h a t  44 °C,  
b e f o r e  be ing  t r a n s f e r r e d  t o  37 °C f o r  24 h. The c e l l s  were  
washed in  s a l i n e  ( x 2 ) b e fo r e  t r a n s f e r  t o  albumen in cu b a ted  
a t  20 °C.
F i g u r e  30 The b e h a v io u r  of s tressed
S.enteritidisin  a lb u m e n
a t  20 °C
lo g lO  c f u / m l
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n t
addition  of 0 .008m g/m l Iron III 
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F i g u r e  31 .  T a b le  15 -  T r i a l  4 -  T r e a t m e n t  E
S a l m o n e l l a  e n t e r i t i d i s  was grown o v e r n i g h t  in  n u t r i e n t  b r o th  
a t  37 °C .  T h is  c u l t u r e  was then  s to r e d  f o r  24 h a t  44 °C ,  
b e fo r e  being t r a n s f e r r e d  t o  37 °C f o r  24 h. The c e l l s  were  
washed in  s a l i n e  ( x 2 )  b e fo r e  t r a n s f e r  t o  T r i s  b u f f e r  (pH 9)  
in cu b a ted  a t  20 °C.
F i g u r e  31 The b e h a v io u r  of in
a lb u m e n  a t  20 C fo llo w in g  stress in  Tris
b u f fe r  (pH 9)
P la te  c o u n t  (NA) 
T ry p a n  b lu e  c o u n t
A = Transfer to album en
Addition of O.OOBmg/ml Iron  III
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A study  to  de te rm in e  i f  chem otaxis  p la y s  a r o l e  in  the  
g e n e r a l i z e d  i n f e c t i o n  o f  t h e  egg c o n te n ts
The r e s u l t s  p r e s e n te d  in  th e  p re v io u s  s e c t i o n s  
i n d i c a t e d  t h a t  s a lm o n e l la s  whether  s t r e s s e d  o r  no t  remained  
q u ie s c e n t  o r  on some occ a s io n s  m u l t i p l i e d  s l u g g i s h l y  in  
albumen. With v e ry  l a r g e  in o c u la  (> 1 0 6 c f u / m l ) ,  growth o f  
u n stressed  c e l l s  o c c u r r e d .  Evidence was o b ta in e d  a ls o  in  
s u p p o r t  o f  th e  g e n e r a l l y  h e ld  v iew t h a t  i r o n  d e p r i v a t i o n  by 
o v o t r a n s f e r r i n  was th e  m a jor  cause o f  b a c t e r i o s t a s i s . These 
f i n d i n g s  support  t h e  c o n t e n t i o n  o f  C lay  and Board ( 1 9 9 1 ) ,  
namely t h a t  the  i n i t i a l  s a lm o n e l la  con ta m ina nts  o f  the  
albumen in  whole eggs remain q u ie s c e n t  u n t i l  some e v e n t  
induces t h e i r  grow th .  They surmised t h a t  c o n t a c t  o f  
contam inants  and y o lk  was th e  e v e n t  t h a t  t r i g g e r e d  growth.
In  p r a c t i c e  the y  c ou ld  no t  d i s t i n g u i s h  between c o n ta c t  due 
t o  y o lk  movement, chance c o l l i s i o n  between contam inants  in  
th e  albumen and t h e  y o lk  o r  a com binat ion  o f  both e v e n ts .
The p e r s is te n c e  o f  m o t i l i t y  by non-growing s a lm o n e l la s  in  
albumen was h i g h l i g h t e d  in  th e  p re s e n t  s tudy  (T a b le  1 1 ) .
Thus a noth er  f a c t o r ,  m o t i l i t y ,  needs t o  be ta k e n  i n t o  
acco unt .  In  p r a c t i c e  m o t i l i t y  could  w e l l  cause one to  
q u e s t io n  th e  use o f  t h e  word "chance" in  a d is c u s s io n  o f  th e  
course  o f  b a c t e r i a l  i n f e c t i o n  o f  eggs. O th e rs  have he ld  
d i f f e r e n t  v iews on t h e  course  o f  e v en ts  i n i t i a t i n g  gross  
c o n ta m in a t io n  o f  th e  albumen. Brooks (1 9 6 0 )  c la im e d  t h a t  a 
change ( u n c h a r a c t e r i z e d )  in  th e  s h e l l  membranes t r i g g e r e d  
growth o f  c o n tam inan ts  in  th e s e  s t r u c t u r e s  and t h a t  growth
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" s p i l l e d  over"  i n t o  th e  albumen. R e c e n t ly  Humphrey e t  a 7. 
(1 9 9 1 )  surmised t h a t  n u t r i e n t s  d i f f u s i n g  from th e  y o lk  may 
t r i g g e r  growth o f  s a lm o n e l la s  in  th e  albumen. As was 
e v id e n t  in  th e  L i t e r a t u r e  Review, t h e r e  i s  v e ry  l i m i t e d  
i n f o r m a t io n  about  th e  d i f f u s i o n  o f  small m o lecu les  outward  
from th e  y o l k .  N e v e r th e le s s  even a l i m i t e d  amount o f  
d i f f u s i o n  would c r e a t e  a g r a d i e n t  t h a t  m ight  w e l l  e l i c i t  a 
c h e m o ta c t ic  response.  T h is  s e c t i o n  i s  concerned w i t h  
B rooks ’ (1 9 6 0 )  c o n te n t io n  o f  a change in  th e  s h e l l  membrane 
promoting b a c t e r i a l  growth,  as w e l l  as b a c t e r i a l  m o t i l i t y  
and p o s s ib le  chem otax is .
MATERIALS AND METHODS
A study o f  S . e n t e r i t i d i s  in  th e  s h e l l  membrane suspended in  
albumen a lo n e  o r  in  whole egg in v i t r o
The a i r  c e l l s  o f  eggs were lo c a te d  by c a n d l i n g .  The 
s h e l l  was swabbed w i t h  10% ( v / v )  e t h a n o l ,  a smal l  h o le  
d r i l l e d  ( M i n i c r a f t  D r i l l  MB0502) in  th e  s h e l l  a t  t h i s  s i t e  
and 0 .1  ml o f  a £ a .  103 c e l l  suspension i n j e c t e d  on t o  th e  
a i r  c e l l  membrane. The h o le  was s e a le d  w i th  p a r a f f i n  wax 
and th e  eggs l e f t  a t  room te m p e ra tu r e  f o r  £ a .  3 h. A l l  th e  
l i q u i d  was absorbed i n t o  an e g g ’ s c o n te n ts  w i t h i n  20 min o f  
being a p p l ie d  t o  th e  s h e l l  membrane. An e g g s h e l l  was then  
wiped w i th  e t h a n o l ,  th e  s h e l l  c racked and th e  c o n te n ts  
poured g e n t l y  i n t o  a s t e r i l e  specimen pot  ( S t e r i l i n ,  250 
m l ) .  The in o c u la t e d  in n e r  membrane o f  th e  a i r  c e l l  was 
e x c is e d  and p la c e d  in  th e  albumen a lo n e  o r  in  t h e  albumen o f  
whole egg in  a s t e r i l e  c o n t a i n e r .  In  th e  l a t t e r  case ,  ca re
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was ta k e n  t o  ensure  t h a t  th e  in o c u l a t e d  membrane was as f a r  
away as p o s s ib le  from th e  y o l k .
The in o c u la t e d  samples were s t o r e d  a t  4 ,  20 o r  30 °C .  
D u p l ic a t e  samples were t e s t e d  a t  f r e q u e n t  i n t e r v a l s  f o r  th e  
presence o f  S . e n t e r i t i d i s .  V i a b l e  counts  o f  albumen and 
y o lk  were o b ta in e d  on XLD. Care was ta k e n  when e x t r a c t i n g  
samples o f  y o lk  t o  in c lu d e  as l i t t l e  albumen as p o s s i b l e .
The membrane was p l a t e d  d i r e c t l y  on to  XLD o r  p lac e d  in  
R ingers  s o l u t i o n  ( i  s t r e n g t h ,  Lab M) c o n t a i n i n g  g la s s  beads,  
mixed th o r o u g h ly  and s o n ic a te d  ( C le a n in g  S o n ic a t o r ,  Dawes 
In s t ru m e n ts  L td ,  USA) f o r  4 min b e f o r e  p l a t i n g  o f  d i l u t i o n s  
on XLD. T h is  process d id  no t  reduce b a c t e r i a l  v i a b i l i t y .
I n i t i a l l y  a range o f  in o c u la  ( £ 2 . 102 , 103 , 104 and 105 
sa lm one l las /m em brane )  suspended in  albumen in v i t r o  and 
s to re d  a t  20 9 C was t e s t e d .
A s tudy t o  d e te rm in e  whether  o r  no t  th e  v o lk  induces a 
c h e m o ta c t ic  re s p o n s e  in  S . e n t e r i t i d i s  and Pseudomonas p u t i d a
An o v e r n i g h t  c u l t u r e  o f  S . e n t e r i t i d i s  in  n u t r i e n t  b ro th  
(37 °C )  c o n t a i n i n g  0.05% ( w / v )  C a l c o f l u o r  ( F l u o r e s c e n t  
B r i g h t n e r  Number 28, A l d r i c h ) ,  as used by Paton and Ayres  
( 1 9 6 4 ) ,  o r  Pseudomonas p u t i d a  was washed in  s a l i n e  and spun 
down (2000 g x 10 m in ) .  S t e r i l e  w a t e r  agar  ( 7 - 9  g /1  a g a r ;  
Lab M) was seeded w i t h  q s l. 109 c f u /m l  and a l lo w e d  t o  ge l  in  
a P e t r i  d i s h .  P lugs (7 mm d i a m e t e r )  were removed from th e  
agar  using a s t e r i l e  cork  b o r e r .
The s h e l l  o f  an egg (<2 days o l d  o r  s to r e d  a t  30 °C f o r  
>7 days) was s t e r i l i z e d  w i th  70% ( v / w )  e t h a n o l ,  th e  s h e l l  
cracked and t h e  c o n te n ts  poured g e n t l y  i n t o  a 100 x 100 mm
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square  p l a t e  ( S t e r i l i n ) .  An agar  p lu g ,  e i t h e r  c o n t r o l  o r  
i n o c u l a t e d ,  was p lac e d  in  each c o rn e r  o f  th e  d is h  such t h a t  
i n o c u la t e d  p lugs  were d i a m e t r i c a l l y  opposed. To p r e v e n t  
w a te r  loss  P e t r i  d is h e s  were s to r e d  in  p l a s t i c  bags a t  4 o r  
20 °C. Movement o f  organisms ou t  from t h e  p lugs  was 
f o l lo w e d  by e x a m in a t io n  o f  an egg under UV l i g h t  (Camag -  
Camlab, 350 nm), m i c r o s c o p i c a l l y  ( a  lo o p f u l  examined w i t h  
x 1000 phase c o n t r a s t )  and by th e  p l a t e  count  method w i t h  
XLD.
Chemotaxis was i n v e s t i g a t e d  f u r t h e r  by th e  p r o to c o l  
o u t l i n e d  in  F ig u r e  32 .  S a l m on e l l a  e n t e r i t i d i s  grown 
o v e r n i g h t  in  n u t r i e n t  b ro th  c o n t a in in g  C a l c o f l u o r  (0 .05%  
w / v )  was in o c u la t e d  us ing  a s y r in g e  ( 0 . 5  ml -  o a .  109 
c f u / m l ) i n t o  th e  g la s s  tube  ( i n t e r n a l  d ia m e te r  3mm, l e n g t h  
33 cm -  F ig u re  3 2 ) ,  such t h a t  th e  organisms were lo c a te d  a t  
th e  bottom o f  th e  measuring c y l i n d e r  but  no t  in  th e  ag a r  a t  
t h e  o r i f i c e  o f  t h e  tu b e .  The a p p a ra tu s  was s to r e d  a t  20 °C ,  
th e  p rogress  o f  th e  organisms f o l lo w e d  under UV l i g h t  (3 5 0  
nm) and recorded p h o t o g r a p h i c a l l y .  Organisms were i s o l a t e d  
f rom th e  agar  and checked s e r o l o g i c a l l y .
RESULTS
In  i n i t i a l  e x p e r im e n ts  a range o f  inoculum s i z e s  in  th e  
e x c is e d  membrane o f  t h e  a i r  c e l l  o f  eggs was s tu d ie d  w i t h  
albumen a lone  and in c u b a t io n  a t  20 °C ( F i g u r e  3 3 ) .  I t  i s  
e v i d e n t  from t h i s  F ig u r e  t h a t  th e  s u r v i v a l  o f  th e  organisms  
in  th e  a i r  c e l l  membrane was in f lu e n c e d  by inoculum s i z e .  
Thus in o c u la  o f  1 0 * ,  103 and e s p e c i a l l y  102
cfu/membrane showed a p r o g r e s s iv e  decrease  in  the  number o f
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F i g u r e  32 .  A d i a g r a m a t ic  r e p r e s e n t a t i o n  o f  t h e  a p p a r a tu s  
used t o  f o l l o w  t h e  course  o f  S . e n t e r i t i d i s  t o  th e  y o lk
( a )  One l i t r e  p l a s t i c  measur ing c y l i n d e r ,  f i l l e d  t o  400 m l .
( b )  Whole y o lk  o r  a p ing-po ng  b a l l  ( c o n t r o l  -  d r i l l e d ,  
f i l l e d  w i t h  w a te r  and a d ju s t e d  t o  the  w e ig h t  o f  th e  y o l k ) .
( c )  W a te r  agar  0.2% ( w / v )  pure  agar  (Lab M).
( d )  S t e r i l e  g la s s  tube -  bottom edge chamfered.
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v i a b l e  organism s o y e r  10 days in c u b a t io n .  Very  s l i g h t  
growth o f  th e  organism  in  membranes o c c u r r e d ,  however, w i t h  
an inoculum  o f  c a .  105 c fu /m em brane . There  was a modest  
i n c r e a s e  in  t h e  number o f  v i a b l e  organisms in  t h e  albumen 
when an inoculum o f  t h i s  s i z e  was used ( F i g u r e  3 3 b ) .
Two te m p e ra tu r e s ^  4 °C and 25 °C ,  were used in  two  
p r e l i m i n a r y  e x p e r im e n ts  -  th e  l a t t e r  te m p e ra tu r e  -was 
s e l e c t e d  as a compromise between 20 and 30 °C as used in  
p r e v io u s  e x p e r im e n ts .  S a l m o n e l l a  e n t e r i t i d i s  was p r e s e n t  in  
v e ry  low numbers in  t h e  e x c is e d  in n e r  membrane o f  th e  a i r  
c e l l  membrane suspended in  albumen f o r  upwards o f  17 days a t  
4 o r  25 °C ( T a b l e  1 6 ) .  M ic r o s c o p ic  o b s e r v a t io n s  o f  t h e  
albumen ta k e n  on e v e r y  sampl ing  occas ion  f a i l e d  t o  d e t e c t  
organism s and no v i a b l e  organisms were re co vered  on XLD from  
th e  albumen a t  4 o r  25 °C .
In  t h e s e  e x p e r im e n ts  th e  membranes c o n ta in e d  i n i t i a l l y  
c a . 10 s a l m o n e l l a s .  The s o m c a t i o n  o f  a membrane p e r m i t t e d  
counts  o f  c a .  100 organisms/membrane t o  be d e te rm in e d .  When 
th e  p o p u l a t i o n  f e l l  below t h i s  l e v e l ,  th e  membrane was 
smeared a c ro s s  and l e f t  on th e  s u r f a c e  o f  XLD a g a r .  Towards  
th e  end o f  t h e  e x p e r im e n t ,  growth o c c u rred  m a in ly  beneath  
t h e  membranes ta k e n  from albumen s to r e d  a t  4 °C .
o
I n  a f u r t h e r  e x p e r im e n t  c a .  10° cfu/membrane was a g a in  
used as t h e  inoculum , in c u b a t io n  te m p e ra tu r e s  o f  4 ,  20 o r  30 
°C were used w i t h  4 eggs be ing  t e s t e d  on each sampling  
o c c a s io n .  V i a b l e  organisms were p r e s e n t ,  bu t  in  low numbers 
o n ly ,  in  th e  albumen v i z  £ v i z  those  on th e  membrane u n t i l  
day 4 a t  4 °C ( F i g u r e s  34a & b ) .  T h is  was th e  case a ls o  
( F i g u r e s  34c & d)  in  a r e p e a t  e x p e r im e n t .  On XLD agar
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v i a b l e  organisms grew beneath t h e  membranes re c o v e re d  from  
albumen s t o r e d  a t  4 °C f o r  upto  37 days.
A t  20 °C ( F i g u r e s  3 4 e - h ) ,  organisms were  d e t e c t e d  in  
t h e  albumen on t h e  m a j o r i t y  o f  sampling o c c a s io n s .  The 
number o f  o rganism s re co ve re d  from th e  membrane decreased  
p r o g r e s s i v e l y  d u r in g  t h e  37 days o f  o b s e r v a t i o n ,  but  
organisms were a lw ays  p r e s e n t  beneath membranes r e s t i n g  on 
XLD a g a r .  T h is  t r e n d  was e v i d e n t  a ls o  a t  30 °C ( F i g u r e s  
3 4 i - l ) .  When compared w i t h  r e s u l t s  o b ta i n e d  a t  20 °C ,  
organism s were r e c o v e re d  on fe w e r  o c c a s io n s ,  b u t  in  
comparab le  numbers f rom  th e  albumen in c u b a te d  a t  30 °C .
These r e s u l t s  d e m o n s t ra te  t h a t  t h e  s h e l l  membrane d id  no t  
change w i t h  t im e  such t h a t  th e  growth o f  s a lm o n e l l a s  was 
f a v o u r e d ,  as p o s t u l a t e d  by Brooks ( 1 9 6 0 ) .
S a l m o n e l l a  e n t e r i t i d i s  was i n o c u l a t e d  o n to  th e  a i r  c e l l  
membrane o f  whole  eggs.  The membrane was e x c i s e d  from  
broken o u t  eggs and p la c e d  in  th e  albumen o f  t h e  
c o rre s p o n d in g  e g g ’ s c o n te n ts  c o n ta in e d  in  a s t e r i l e  
c o n t a i n e r  (2 5 0  m l ,  S t e r i l i n ) .  N e v e r t h e le s s  w i t h  eggs s t o r e d  
a t  4 °C ,  t h e  organisms remained v i a b l e  (a s  shown by growth  
beneath  p ie c e s  o f  membrane on XLD a g a r )  in  t h e  membrane f o r  
37 days .  W i th  t im e  t h e  number o f  organisms p r e s e n t  in  th e  
membrane a t  4 °C d im in is h e d  t o  l e v e l s  below t h a t  (100  
c f u / m l ) d e t e c t a b l e  by d i l u t i o n  and p l a t i n g  methods. T h is  
s i t u a t i o n  o b ta in e d  from day 19 onwards. The organisms were  
d e t e c t e d  in  t h e  albumen by p l a t e  counts  on day 23 in  both  
s e t s  o f  e x p e r im e n ts  ( F i g u r e s  3 5 a - d ) ,  bu t  in  numbers to o  few  
to  be observed m i c r o s c o p i c a l l y  ( l i m i t  o f  d e t e c t i o n  >105 
c f u / m l ) .  S a l m o n e l l a  e n t e r i t i d i s  was n o t  i s o l a t e d  from th e
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y o lk  on any sam pl ing  o c c a s io n  w i t h  s to r a g e  a t  4 °C ( F i g u r e s  
35e & f ) .
A t  20 °C ,  t h e r e  was a g ra d u a l  in c r e a s e  in  th e  number o f  
organisms found in  t h e  membrane and in  th e  albumen such t h a t  
by day 26 ( F i g u r e s  3 5 g - j ) th e  p o p u la t i o n s  were >107 c f u /m l  
albumen. The y o lk  was i n f e c t e d  w i t h  smal l  numbers o f  
organisms on day 3 ( F i g u r e s  3 5 k - l )  but  l a r g e  p o p u la t io n s  
were no t  d e t e c t e d  u n t i l  day 26 .  When th e  membrane d r i f t e d  
in  th e  albumen and became lodged on th e  y o l k ,  then  gross  
c o n ta m in a t io n  o f  t h e  albumen and y o lk  o c c u r re d  much e a r l i e r
-  u s u a l l y  w i t h i n  12 days -  than  noted above .
The r a t e  and e x t e n t  o f  sys te m ic  i n f e c t i o n  o f  th e  
albumen and y o lk  a t  30 °C was s i m i l a r  t o  t h a t  a t  20 °C ,  w i t h
t h e  number o f  organisms ex ce e d ing  107 c fu /m l  in  th e
membrane, albumen and y o l k  by day 26 ( F i g u r e s  3 5 m - r ) .  Y o lk  
i n f e c t i o n  was d e t e c t e d  in  one t r i a l  on th e  day f o l l o w i n g  
i n o c u l a t i o n  and in  a n o th e r  on day 3. The number o f  
organisms p r e s e n t  in c r e a s e d  g r a d u a l l y  o v e r  t h e  37 days o f  
in c u b a t io n  a t  which t im e  th e  numbers exceeded 107 c f u / m l .  
M ic ro s c o p ic  o b s e r v a t i o n s  f a i l e d  t o  d e t e c t  th e  presence o f  
organisms in  th e  albumen u n t i l  th e  number o f  c e l l s  had 
reached >105 c f u / m l .
The r e s u l t s  p r e s e n te d  above r e f u t e  th e  s u g g e s t io n  o f  
Brooks (1 9 6 0 )  t h a t  some change in  th e  membrane promotes  
b a c t e r i a l  growth and s y s te m ic  i n f e c t i o n  o f  egg c o n te n ts .
They do, however, s u p p o r t  th e  c o n t e n t i o n  o f  C lay  and Board 
(1 9 9 1 )  t h a t  th e  y o lk  p la y s  a r o l e  in  t r i g g e r i n g  b a c t e r i a l  
growth. In deed t h e  r e s u l t s  p re s en ted  in  F ig u r e  35 a re  
markedly  s i m i l a r  t o  thos e  o b ta in e d  w i th  whole eggs by th e s e
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w o rk e rs .  The e x a c t  c o n t r i b u t i o n  o f  th e  y o l k ,  however, has 
y e t  t o  be d e te r m in e d .  For example ,  i s  th e  y o lk  m e re ly  a 
d epo t  o f  n u t r i e n t s  o r  does t h e  outward d i f f u s i o n  o f  
n u t r i e n t s  e s t a b l i s h  a g r a d i e n t  and th e r e b y  invoke a 
c h e m o ta c t ic  response in  t h e  i n i t i a l  contam inants  o f  th e  
albumen ? The f o l l o w i n g  s e c t i o n  p re s e n ts  r e s u l t s  o f  
e x p e r im e n ts  which sought  t o  d is c o v e r  i f  organisms in  th e  
albumen e x p re s s  a c h e m o ta c t ic  response.
S a l m o n e l l a  e n t e r i t i d i s  grown in  n u t r i e n t  b ro th  
c o n t a i n i n g  C a l c o f l u o r  was used t o  seed p lugs o f  w a te r  agar  
( > 1 0 6 c f u / p l u g ) .  A l a r g e  inoculum was used in  o r d e r  t o  
e ns ure  t h a t  t h e  passage o f  t h e  organisms was e a s i l y  
ob se rv ed .  These were p la c e d  in  th e  albumen a t  t h e  g r e a t e s t  
p o s s i b l e  d i s t a n c e  f rom t h e  y o lk  o f  whole eggs. Broken o u t  
eggs were h e ld  in  square  P e t r i  d ish es ,  a t  4 o r  20 °C .  
I n i t i a l l y  an a t t e m p t  was made t o  f o l l o w  th e  passage o f  th e  
organism  p h o t o g r a p h i c a l l y  us in g  UV l i g h t .  F luorescence  
o c c u r re d  i n i t i a l l y  in  t h e  p lu g s .  I t  was never  d e te c te d  in  
t h e  albumen. I n  p r a c t i c e  photographs showed o n ly  c lo u d in g  
due t o  l a r g e  numbers (& a .  106 c f u / m l )  o f  organisms in  th e  
albumen. No organisms were observed m i c r o s c o p i c a l l y  in  t h e  
albumen u n t i l  t h e  numbers exceeded 105 c f u / m l .  T h is  
e v e n t  c o in c id e d  w i t h  t h e  o n s e t  o f  a s l i g h t  c lo u d in g  in  th e  
albumen.
A t  4 °C S . e n t e r i t i d i s  occu rred  in  low numbers in  a l l  
o f  th e  albumen samples f o r  upto  18 days o f  in c u b a t io n  
( F i g u r e s  36a & c ) .  The organism  was never  i s o l a t e d  from th e  
y o lk  on any sam pl ing  oc c a s io n  ( F i g u r e s  36b & d ) .  At  the  
h ig h e r  te m p e ra tu r e  (20  ° C ) ,  t h e  number o f  S . e n t e r i t i d i s  in
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t h e  albumen in c r e a s e d  p r o g r e s s ! v e l y  th ro u g h o u t  i n c u b a t io n .  
The organisms were d e t e c t e d  in  th e  y o lk  on day 3, and by day 
18 t h e  l e v e l  o f  c o n ta m in a t io n  exceed oa .  106 c fu /m l  ( F i g u r e s  
3 6 e - h ) .
A comparab le  e x p e r im e n t  was conducted w i t h  aged eggs 
( s t o r e d  a t  30 °C f o r  7 days b e fo r e  i n o c u l a t i o n ) .  There was 
no d e f i n i t i o n  o f  albumen s t r u c t u r e  in  th e s e  eggs. In  those  
s t o r e d  a t  4 °C ,  organism s were d e te c te d  in  low numbers in  
albumen s u r ro u n d in g  t h e  y o lk  by day 6 . None was e v e r  
d e t e c t e d  in  t h e  y o l k .  A t  20 °C organisms were p r e s e n t  in  
t h e  albumen and t h e  y o lk  on th e  day f o l l o w i n g  i n o c u l a t i o n .  
Large p o p u la t i o n s  o b ta i n e d  by day 6 . The e x t e n t  o f  th e  
growth o f  t h e  organism  was such t h a t  i t  was e a s i l y  m on i to red  
m i c r o s c o p i c a l l y .
Ev idence  o f  p o s s i b l e  c h e m o ta c t ic  response by 
S . e n t e r i t i d i s  was sought  w i t h  th e  a p p a ra tu s  i l l u s t r a t e d  in  
F i g u r e  32 .  The organism s were p lac e d  a t  th e  bottom o f  th e  
g la s s  tube  hav ing  a chamfered end. From t h i s  l o c a t i o n  th e  
organisms were f r e e  t o  move i n t o  th e  w a te r  ag a r  in  th e  
measur ing c y l i n d e r .  From P l a t e s  1 & 3 i t  i s  e v i d e n t  t h a t  
w i t h  t im e  th e  organ ism s formed a dense c lou d  around the  
y o l k .  The presen ce  o f  S . e n t e r i t i d i s  a t  t h i s  s i t e  was 
c o n f i rm e d  s e r o l o g i c a l l y .  A c loud d id  no t  deve lop  in  th e  
c o n t r o l  c o n t a i n i n g  a p ing -po ng  b a l l  ( P l a t e  2 & 3 ) .  The 
e x p e r im e n t  was r e p e a te d  on 4 occas ions  and th e  same r e s u l t  
was o b ta in e d  on e v e r y  o c c a s io n .  S ero log y  was used to  
c o n f i r m  th e  presen ce  o f  th e  organism on each o c c a s io n .
F a i l u r e  to  f o l l o w  th e  passage o f  S . e n t e r i t i d i s  grown in  
a medium c o n t a i n i n g  C a l c o f l u o r  led  t o  th e  use o f  Pseudomonas
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p u t i d a  ( i s o l a t e d  from a r o t t e n  egg) in  f u r t h e r  work .  The 
b e h a v io u r  o f  t h i s  n a t u r a l l y  f l u o r e s c e n t  b a c t e r iu m  in  eggs is  
t h e  same as t h a t  o f  S . e n t e r i t i d i s  (Dolman and Board 1 9 9 2 ) .  
P l a t e  counts  r e v e a le d  t h a t  t h e r e  was a p r o g r e s s i v e  in c r e a s e  
in  th e  number o f  pseudomonads in  th e  albumen a t  4 °C 
( F i g u r e s  37a & c ) .  The y o lk  was c o n ta m in a te d  by day 13 
( F i g u r e s  37b & d ) .  A t  20 °C ,  P s . p u t i d a  was p r e s e n t  in  th e  
y o lk  on day 11 in  one egg ( F i g u r e  37h)  and day 13 in  th e  
re m a in de r  ( F i g u r e s  3 7 f  & h ) .  I t  was n o t a b l e  t h a t  P s . p u t i d a  
n e v e r  a t t a i n e d  p o p u la t i o n s  as l a r g e  as th o s e  o f  
S . e n t e r i t i d i s  in  an e q u i v a l e n t  t im e  span ( F i g u r e  3 6 ) .  
P r o g r e s s i v e l y  th ro u g h o u t  th e  course  o f  t h i s  e x p e r im e n t ,  th e  
albumen became i n c r e a s i n g l y  con ta m in a te d  w i t h  l a r g e  numbers 
o f  organisms ( F i g u r e s  37e & g ) .  M ic r o s c o p ic  o b s e r v a t io n s  
m o n ito red  t h i s  in c r e a s e  o f  c o n ta m in a t io n  in  t h e  albumen once 
t h e  number o f  organisms a t t a i n e d  105 c f u / m l .
The p ro g re s s  o f  i n f e c t i o n  o f  eggs in o c u l a t e d  w i t h  
P s . p u t i d a  and s to r e d  a t  4 and 20 °C i s  i l l u s t r a t e d  in  P l a t e s  
4 - 1 4 .  I t  i s  e v i d e n t  t h a t  t h e r e  was no d e t e c t a b l e  change in  
t h e  appearance o f  th e  egg albumen u n t i l  day 16 a t  4 °C and 
day 13 a t  20 °C a t  th e s e  t im e s  f lu o r e s c e n c e  was a f e a t u r e .  
Indeed in  a l l  o f  t h e  eggs t e s t e d  th e  d e m o n s t r a t io n  o f  
f lu o r e s c e n c e  and t h e  numbers o f  organisms in  t h e  albumen 
(e x c e e d in g  105 c f u / m l )  were c o i n c i d e n t  ( F i g u r e s  37a,  c ,  e 
and g ) .  The p a t t e r n  o f  e v e n ts  recorded  in  P l a t e s  4 - 1 4  leads  
me t o  propose th e  f o l l o w i n g  sequence o f  e v e n ts  t h a t  
c u lm in a te s  in  heavy i n f e c t i o n  o f  th e  c o n te n ts  and, w i th  an 
a p p r o p r i a t e  o rgan ism ,  a d d l i n g  o f  eggs ( F i g u r e  3 8 ) .
( 1 )  Organisms p r e s e n t  in  th e  albumen ( o r  th e  s h e l l  
membranes) p e r s i s t  in  a n u t r i e n t  d e p r iv e d  s t a t e  u n t i l  t h e r e  
i s  e i t h e r  a chance o r  more p r o b a b ly  a c h e m o t a c t i c a l l y  
induced c o l l i s i o n  w i t h  th e  y o l k .  Indeed  th e  e x p e r im e n t  w i t h  
th e  appa ra tu s  shown in  F ig u r e  32 and t h e  square  p l a t e s  do 
dem onstra te  th e  p o s s ib le  c o n t r i b u t i o n  o f  chemotaxis  t o  
g e n e r a l i z e d  i n f e c t i o n  o f  eggs. When c o l l i s i o n s  occur  an 
abundant source o f  n u t r i e n t s  i s  made a v a i l a b l e  t o  th e  
organism. ( 2 )  The organisms a re  c o n f in e d  i n i t i a l l y  t o  th e  
t h i n  w h i te  s u r ro u n d in g  th e  y o lk .  ( 3 )  W ith  t im e  organisms  
spread outwards i n t o  th e  albuminous s a c .  The contam inants  
appear t o  be c o n ta in e d  u n t i l  r e le a s e d  by th e  d e t e r i o r a t i o n  
o f  th e  albuminous sac as th e  egg ages .  ( 4 )  T h is  le a ds  t o  
gross i n f e c t i o n  o f  th e  e n t i r e  egg c o n t e n t s .  The r a t e  o f  
prog ress  o f  i n f e c t i o n  i s  de te rm ine d  by th e  s to r a g e  
t e m p e ra tu r e .  Indeed th e  e f f e c t  o f  te m p e r a tu r e  on th e  r a t e  
o f  decay o f  t h e  a lbuminous sac may w e l l  be more im p o r ta n t  
than  t h a t  o f  th e  te m p e ra tu r e  on th e  growth r a t e  o f  th e  
co n ta m in a n t .
Summary
In  summary from th e  r e s u l t s  p re s e n te d  in  t h i s  t h e s i s  
one may conclude th e  f o l l o w i n g .  I f  organisms such as 
s a lm o n e l la s  o r  pseudomonads ga in  access  t o  th e  albumen, then  
th e y  a re  a b le  t o  ( a )  p e r s i s t  in  a q u i e s c e n t / s o m n i c e l 1 s t a t e  
u n t i l  induced t o  m u l t i p l y  by c o n t a c t  w i t h  th e  y o lk  o r  by
v
n u t r i e n t s  d i f f u s i n g  from th e  y o lk  (Humphrey 1 9 9 1 ) ,  o r  ( b )  
remain m o t i l e  f o r  a s u f f i c i e n t  l e n g t h  o f  t im e  to  e x p res s  a 
c h e m o ta c t ic  response and make c o n t a c t  w i t h  th e  y o lk .
I t  i s  p r o b a b le  t h a t  gross c o n ta m in a t io n  o f  an e g g ’ s 
c o n te n ts  i s  th e  r e s u l t  o f  a com binat ion  o f  2 f a c t o r s .  
F i r s t l y  t h e  t h i n n i n g  o f  t h e  albumen hence in c r e a s in g  
m o b i l i t y  o f  th e  y o lk  f a v o u r i n g  a c o l l i s i o n  between i t  and 
organ ism s,  and se co nd ly  a c h e m o ta c t ic  response t h a t  f a v o u r s  
th e  movement o f  organisms towards  th e  y o l k .
Figure 33 Fate  o f d if fe r e n t  size in o c u la  o f
S.enter i t id is  in  th e  a i r  c e l l  m e m b r a n eo
s u s p e n d e d  in  a lb u m e n  in vitro  a t  20 C
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T a b le  16. The p e r s i s t e n c e  o f  S . e n t e r i t i d i s  PT 4 i n  a p i e c e









1 3 . 2 5 * - 3 .3 8 -
3 2 .3 2 - 3 .31 -
6 1 .7 0 - 3 .1 8 -
8 1 .0 - 3 .1 0 -
10 + - 3 . 0 -
13 + - 2 .7 4 -
15 + - 2 .4 8 -
17 + — 2 .3 5 —
*  = l o g 10 c f u / m l .  Each i s  an average  o f  3 eggs 
+ = organism  grew beneath  th e  membrane p lac e d  on XLD agar  
-  = no v i a b l e  organisms grew from 0 .1  ml o f  albumen 
p l a t e d  on XLD o r  N u t r i e n t  agar
T h is  e x p e r im e n t  was done on 2 occas ions  w i t h  an i n i t i a l  
inoculum o f  £ a .  10 cfu/membrane.
Figure 34 The b e h a v io u r  o f S.enterit id is  in  th e
a ir  c e ll m e m b ra n e  suspended  in  a lb u m e n
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Figure 35 The fa te  o f S.enterit id is  in  th e  a ir
c e ll m e m b ra n e  suspended  in  w ho le  egg
(a ) a t 4 C. M em bra ne  (E x p e r im e n t 1)
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(b )  a t  4°C . Y o lk  ( E x p e r im e n t  1)
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A method t o  s tu d y  th e  p o s s i b l e  r o l e  of.  chemotax. iS-.Qf 
S a l m o n e l l a  e n t e r i t i d i s  i nduced  by t h e  egg y o l k  i n  v i t r o
P l a t e  1. a dense c l o u d  o f  o rg a n ism s  around th e  y o l k
There  was no c l o u d  f o r m a t i o n  i n  t h e  p re s e n c e  o f  a 
c o n t r o l  ( p in g - p o n g  b a l l )
1 7 0
P l a t e  3. A re p e a t  exper iment  w i th  the  same changes as noted  
in  P la te s  1 and 2
F i g u r e  37 The fa te  o f Ps.putida  in  w ho le  egg
in vitroo
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The course o f  i n f e c t i o n -  Pseudomonas p u t i d a  in whole f re s h  
fiflfls .a t  4
Contro l  plug
ALBUMEN
P l a t e  4. , .  ^ , . . _S t r u c tu r e  and e x p e r im e n ta l  design are e v id e n t  from t h i s
photograph
di sh
In o c u la te d  plug
P la t e  5.
Day 16. A halo o f  f lu o r e s c e n c e  begins to  develop around the  
yol k
P la te  8.
Day 50. The albuminous sac 
appears to  be s a t u r a t e d  w i th  
organi sms
P la te  6.
Day 29. The organism spreads  
outwards from the  t h i n  w h i te  
enveloping the  yo lk
Day 33. The organism spreads  
outwards almost to  the  
boundaries  o f  the  albuminous  
sac
P l a t e  7.
177
P la t e  9.
Day 58. The organisms m ig ra te  from the albuminous sac and 
cause s l i g h t  c loud ing  o f  the  t h i n  albumen
Day 64. C louding o f  the  t h i n  albumen is  accentuated
1 7 8
The course o f  i n f e c t i o n -  Pseudomonas pu t  i da in.-t thsle f r e sh 
eggs a t  20
Day 13. A f lu o r e s c e n t  ha lo  begins to  develop in  the t h i n  
albumen enve lop ing  the yolk
P l a t e  12.
Day 22. The organism spreads in t o  the  o u te r  t h i n  albumen
179
Day 36. The whole egg is  f lu o r e s c e n t
P l a t e  14.
Day 44 .  Complete breakdown of  the  egg s t r u c t u r e  and the  
v i t e l l i n e  membrane has ruptured
F ig u re  38. Schematic r e p r e s e n t a t io n  o f  the  course o f  
b a c t e r i a l  i n f e c t i o n  o f  th e  hens’ egg
A. O u ter  t h i n  albumen
B. Albuminous sac
C. In n e r  t h i n  albumen
D. Y o lk
( 1 ) .  Organisms present  in  the  albumen (o r  the s h e l l  
membranes) * p e r s i s t  u n t i l  th e r e  is  e i t h e r  a chance, o r  more 
pro b ab ly  a c h e m o t a c t ic a l ly  induced c o l l i s i o n  w i th  the  yolk
( 2 ) .  The organisms are c o n f in e d  i n i t i a l l y  to  the  t h i n  wh ite  
surround ing  the  yo lk
( 3 )  W ith  t im e  the  organism spreads outwards in t o  the  
albuminous sac
( 4 ) .  Gross i n f e c t i o n  o f  th e  e n t i r e  egg contents
DISCUSSION
Even though th e  pandemic o f  e g g - a s s o c ia t e d  
s a l m o n e l l o s i s  in  humans has been w i t h  us f o r  upwards o f  a 
decade, t h e r e  s t i l l  appears  t o  be a n o ta b le  la c k  o f  a
i
c o h e re n t  v iew  t h a t  could  be e x p e c te d  t o  le a d  t o  p e r t i n e n t  
c o n t r o l  measures. Thus as r e c e n t l y  as 1992 Gast  and 
Beard have s t a t e d  t h a t  " e p id e m io l o g i c a l  e v id e n c e  
i n d i c a t e s  t h a t  e g g -a s s o c ia te d  human S . e n t e r i t i d i s  
o u tb re a k s  a r e  g e n e r a l l y  th e  r e s u l t  o f  a s e r i e s  o f  3 
independent  e v e n t s " .  These a r e  t h a t  S . e n t e r i t i d i s  
i n f e c t e d  eggs must be produced by hens which a r e  
them selves  i n f e c t e d .  These eggs must th e n  be s u b je c t e d  
t o  an i n a p p r o p r i a t e  food handing p r a c t i c e  t h a t  a l lo w s  th e  
c o n ta m in a t in g  organisms t o  m u l t i p l y .  L a s t l y  t h e  food  
p ro d u c t  must be undercooked o r  consumed raw. These  
a u th o rs  recommend t h e r e f o r e  t h a t  t h e  f o l l o w i n g  s te p s  be 
ta k en  t o  p r e v e n t  i n f e c t i o n  v i a  c o n ta m in a te d  eggs.
F i r s t l y  t o  adopt  r e f r i g e r a t e d  s t o r a g e  o f  eggs -  a t  
p r e s e n t  in  t h e  USA Grade A eggs must be s t o r e d  a t  8 °C o r  
above, and secondly  t h a t  good k i t c h e n  p r a c t i c e s  a re  
f o l lo w e d  eg. avo idance o f  h o ld in g  food ( e s p e c i a l l y  
composite  ones) a t  warm te m p e ra tu r e s  and ensure  adequate  
cook in g .
There  has been much d is c u s s io n  about  th e  r e l a t i v e  
im portance  o f  t h r e e  p o s s ib le  r o u te s  o f  i n f e c t i o n  o f  th e  
egg c o n te n ts  v i z  t r a n s o v a r i a n , o v id u c a l  o r  t r a n s - s h e l l  
(Duguid  and N orth  1 9 9 1 ) .  As was e v i d e n t  in  t h e  
L i t e r a t u r e  Review many a t te m p ts  have been made t o  c l a r i f y  
t h i s  key is s u e .  The r e s u l t s  t o  d a te  i n d i c a t e  t h a t  th e
s i z e  o f  th e  i n f e c t i v e  dose and t h e  r o u t e  o f  i n f e c t i o n  o f  
th e  hen, as w e l l  as th e  mode o f  i n f e c t i o n  o f  i t s  egg 
i n f lu e n c e s  th e  a c tu a l  in c id e n c e  o f  egg i n f e c t i o n .
Support  f o r  t h i s  v iew comes from t h e  s tu d y  o f  hens 
d e l i b e r a t e l y  in o c u la t e d  w i t h  l a r g e  o r  sm al l  doses o f
♦
S . e n t e r i  t  icf is.
Q
Hens in o c u la t e d  o r a l l y  w i t h  o a .  10^ c e l l s  o f  PT 13a 
led  to  3% c o n ta m in a t io n  o f  t h e  melanged egg c o n te n ts  
(Gast  and Beard 1 9 9 2 ) .  Bale  and H in to n  (1991 -  
u n p u b l is h e d )  dosed l a y in g  hens a t  50 weeks o f  age o r a l l y
q , q
w i t h  £ £ .  10^ c f u / m l ,  o r  c l o a c a l l y  w i t h  10° c f u / m l .  A
s i g n i f i c a n t l y  l a r g e r  number o f  c o n ta m in a te d  eggs were  
l a i d  by hens in o c u la t e d  c l o a c a l l y  compared t o  those  dosed 
o r a l l y  (9 .15% and 3.78% r e s p e c t i v e l y ) .  D e s p i te  th e  l a r g e  
number o f  p o s i t i v e  (m elanged)  eggs d e t e c t e d  d u r in g  th e  
i n i t i a l  e x a m in a t io n ,  th e  l a t t e r  i n v e s t i g a t o r s  were a b le  
t o  i s o l a t e  th e  organism from  t h e  albumen o f  o n ly  one egg 
(8  c f u / g  albumen) a f t e r  a more d e t a i l e d  s tudy  o f  th e  
albumen and y o lk .  None o f  t h e  y o lk s  was found t o  be 
p o s i t i v e .  These a u th o rs  o b ta i n e d  s i m i l a r  r e s u l t s  when 
th e  organism ( 1 0 6 t o  107 c e l l s )  was g iv e n  o r a l l y  t o  19 
week o ld  p u l l e t s .  The albumen o f  0.27% eggs was found t o  
be p o s i t i v e  ( < 1 0 / m l ) .  These o b s e r v a t i o n s  suggested t h a t  
eggs were i n f e c t e d  as th e y  t r a v e l l e d  from th e  ovary  down 
th e  o v i d u c t .  T h is  c o n t e n t i o n  has r e c e iv e d  s u p p o r t  from  
Shivap rasad  e t  a l . ( 1 9 9 0 )  who found t h a t  t h e  albumen was 
more f r e q u e n t l y  con tam ina ted  th a n  t h e  y o lk  f o l l o w i n g  
o r a l ,  in t ra v e n o u s  or  i n t r a c l o a c a l  i n o c u l a t i o n  o f  hens.
Indeed th e y  concluded t h a t  t h e  o v id u c t  o r  p e r i t o n e a l  
c a v i t y  was th e  source o f  egg c o n ta m in a t io n .
Less work has been done w i t h  s m a l le r  i n o c u la .  
Shivaprasad  e t  a l . ( 1 9 9 0 )  in o c u la t e d  hens o r a l l y  w i t h  a 
human i s o l a t e  o f  S . e n t e r i t i d i s  ( 1 0 4 / b i r d ) .  They f a i l e d  
t o  d e t e c t  t h i s  i s o l a t e  in  any o f  th e  samples o f  albumen 
or y o l k ,  bu t  th e y  d id  i s o l a t e  i t  from 8 -1 0  egg s h e l l s  in  
3 t r i a l s .  These a u th o rs  d i d ,  however, d e t e c t  
S . e n t e r i t i d i s  (an i s o l a t e  from c h icken  egg y o l k )  in  2.7% 
o f  albumen samples from eggs produced by b i r d s  r e c e i v i n g  
th e  same s i z e  inoculum ( 1 0 4 / b i r d ) .  T h is  i s o l a t e  was 
never  d e te c t e d  in  th e  y o l k .
I n  p r a c t i c e  L o g i t u d i n a l l y  I n t e g r a t e d  S a f e t y  
Assurance (L IS A )  as d iscussed  r e c e n t l y  by Mossel and 
S t r u i j k  ( 1 9 9 2 )  would appear  t o  p r o v id e  a t o t a l l y  adequate  
means o f  assess ing  hazards  and s u g g es t in g  remedies in  th e  
s h e l l  egg i n d u s t r y .  Two a s p e c ts  o f  LISA a p p l i e d  t o  egg 
p r o d u c t io n  need t o  be re c o g n is e d .  One i s  th e  c o n t r o l  o f  
i n f e c t i o n  o f  th e  b i r d  w i t h  S . e n t e r i t i d i s .  The second is  
th e  manner in  which eggs a r e  handled such t h a t  th e y  do 
not  pose a r i s k  t o  man. The v a r i o u s  f e a t u r e s  o f  th e  
f i r s t  mentioned were d iscussed  in  th e  L i t e r a t u r e  Review.  
I n  t h i s  s e c t i o n ,  a summary w i l l  s u f f i c e  ( F i g u r e  3 9 ) .  I t  
i s  n o tew orthy  t h a t  a l l  th e  c o n t r o l  f e a t u r e s  noted in  t h i s  
F ig u r e  have been adopted in  th e  s i t i n g  and des ign  o f  a 
v e ry  l a r g e  b re e d e r  u n i t  in  th e  USA (Anon 1 9 9 2 a ) .  The 
company sought a s i t e  o f f e r i n g  a low summer te m p e ra tu r e  
and i s o l a t e d  by many m i le s  from a d ja c e n t  p o u l t r y  o r  
l i v e s t o c k  fa rm s .  The housing was custom b u i l t  to  a high
s ta n d a rd  and s e r v ic e d  w i t h  h igh q u a l i t y  w a te r  s u p p l ie s  
and p a s t e u r i z e d  fe e d  t a k e n  from b ins  o f f - s i t e .  
A d d i t i o n a l l y  a l l  raw m a t e r i a l s  and fe e d  m i l l  f a c i l i t i e s  
a re  t e s t e d  r e g u l a r l y  f o r  freedom from s a lm o n e l l a s .  A 
comprehensive programme o f  s e r o l o g i c a l  t e s t i n g  o f  b i r d s  
i s  a ls o  c a r r i e d  o u t .  I n  a d d i t i o n  a l l  d e a d - o n - a r r i v a l  
c h ic k s  and f i r s t  week m o r t a l i t i e s  a re  s e n t  t o  a 
l a b o r a t o r y  f o r  e x a m in a t io n .  A c lo a c a l  swab o f  every  b i r d  
i s  screened e v e ry  3 weeks, l i t t e r  i s  t e s t e d  and 
b a c t e r i o l o g i c a l  media a r e  m oni tored  f o r  t h e i r  a b i l i t y  to  
s u p p o r t  th e  growth o f  S a l m o n e l l a  spp.
R e c e n t ly  egg prod ucers  in  H o l la n d  have been 
in t ro d u c e d  t o  th e  " a u to m a t ic  nest"  (Anon 1 9 9 2 b ) .  The 
n e s t  base i s  formed from rubber  f i n g e r s  t h a t  a l lo w  a i r  t o  
c i r c u l a t e ,  th e r e b y  e n s u r in g  r a p id  c o o l in g  and d r y in g  o f  
eggs. The f i n g e r s  a l s o  p r e v e n t  th e  eggs r o l l i n g  around 
in  th e  n e s t  th e r e b y  m in im iz in g  s h e l l  c r a c k s  and damage t o  
th e  c u t i c l e .  The base o f  each n es t  i s  e a s i l y  removed and 
d i s i n f e c t e d  i f  heavy s o i l i n g  occurs .  The eggs a re  
removed when th e  base r i s e s  g e n t l y  in  th e  n e s t ,  a t  a 
p r e s e t  t im e  in  th e  l a y i n g  c y c l e .  T h is  s e rv e s  a ls o  to  
remove d e b r is  from th e  e g g s h e l ls  as th e y  r o l l  over  the  
f i n g e r s  o f  th e  n e s t  base.  On removal t h e  eggs r o l l  i n t o  
square ho les  in  a conveyor  b e l t .  T h is  a g a in  p re v e n ts  th e  
egg from r o l l i n g  and p r o t e c t s  them from m ic r o -c r a c k s  in  
th e  s h e l l s .  I f  an egg shou ld  break in  th e  conveyor b e l t ,  
th e  c o n te n ts  do n o t  c o n ta m in a te  o t h e r  eggs bu t  d r i p  
through th e  ho les  in  t h e  conveyor .  T h is  ty p e  o f  regime  
could  w e l l  become s ta n d a r d  in  developed c o u n t r i e s  as
commercial  p re s s u re s  f o r c e  sm al l  b r e e d e rs /e g g  producers  
ou t  o f  t h e  in d u s t r y  and th e  growth o f  l a r g e  w e l l  managed 
p ro d u c t io n  u n i t s  i s  encouraged by th e  demands o f  
s u p e r m a r k e ts .
Indeed p re s s u re  from t h e  l a t t e r  could  well! le a d  t o  a 
co ld  c h a in  be ing  e s t a b l i s h e d  from th e  l a y in g  house t o  th e  
consumer. Such a c h a in  a l r e a d y  e x i s t s  w i t h  Grade A eggs 
in  th e  USA w i t h  a te m p e ra tu r e  o f  8 °C being used. T h is  
te m p e ra tu r e  was chosen because i t  m in im ize s  "sw eat ing"  -  
w a te r  c o n d en sa t io n  on th e  s h e l l  -  when eggs a re  
t r a n s f e r r e d  t o  am bient  t e m p e r a t u r e .  There  i s  a w i d e ly  
he ld  v iew  t h a t  "sw eat ing"  c ou ld  lead  t o  t r a n s - s h e l l  
i n f e c t i o n  o f  eggs. T h is  may have been a problem when 
many eggs were s to r e d  f o r  long p e r io d s  b e fo r e  be ing  
shipped a long  u n c o n t r o l l e d  d i t r i b u t i o n  systems t o  th e  
consumer. As f a r  as can be a s s e r t a i n e d ,  "sw eat ing"  need 
not  be a problem today because i t  would occur  o n ly  a t  t h e  
sta g e  im m e d ia te ly  b e fo r e  t h e  use o f  an egg in  th e  home o r  
commercial k i t c h e n .  As 8 °C i s  o u ts i d e  th e  range used 
f o r  o t h e r  c h i l l e d  f o o d s t u f f s *  an in c o n v e n ie n t  t w i n  system  
o f  c h i l l  s t o r a g e  i s  r e q u i r e d  in  s u perm arke ts .
Consequent ly  a t te m p ts  a r e  be ing  made t o  adopt th e  same 
t e m p e r a t u r e  f o r  eggs and c h i l l e d  food s to r a g e  (Bruce  p e r s  
comm). What e v e r  p o l i c y  i s  adopted f o r  th e  t r a n s p o r t  o f  
eggs from th e  fa rm  t o  th e  consumer, i t  ought t o  r e f l e c t  
th e  f i n d i n g s  o f  t h i s  t h e s i s .
W ith  th e  emphasis g iv e n  t o  a " c lea n "  appearance,  
superm arke ts  may w e l l  i n s i s t  on th e  washing o f  a l l  t a b l e  
eggs. The e f f e c t  o f  egg washing must t h e r e f o r e  be
d isc u s s e d .  There  i s  no e v id e n c e  t o  suggest  t h a t  eggs 
c o r r e c t l y  washed a re  a g r e a t e r  source o f  i n f e c t i o n  t o  man 
than unwashed ones (Moats 1 9 7 8 ) .  Sparks ( 1 9 9 2 )  has 
shown, however, t h a t  washers i n c o r p o r a t i n g  r o t a t i n g  
brushes a c c e n tu a te  th e  r a t e  o f  c u t i c l e  d e t e r i o r a t i o n  and 
decrease  i t s  a b i l i t y  t o  r e s i s t  w a te r  up take  by th e  egg.  
T h is  com bin at ion  o f  e v e n t s ,  t o g e t h e r  w i t h  p ro longed  
s to r a g e  o f  eggs, may w e l l  le a d  t o  gross i n f e c t i o n  o f  th e  
egg c o n t e n t s .  T h is  emphasizes th e  need f o r  r a p id  
movement o f  eggs from prod ucers  t o  th e  consumer. I f  
i r r e g u l a r  demand f o r  whole egg p rod ucts  such as scrambled  
eggs c a l l s  f o r  lo n g - te r m  s to r a g e  o f  s h e l l  eggs,  
management ought to  c o n s id e r  t h e  use o f  p a s t e u r i z e d  
p ro d u c ts .  In  th e  USA th e s e  a re  a v a i l a b l e  in  i  o r  one 
p i n t  c o n t a in e r s  (Bruce p e r s  comm). Another  problem  
i n h e r e n t  in  egg washing i s  th e  abuse o f  th e  system by the  
re peated  washing o f  h e a v i l y  s o i l e d  eggs. There  i s  a much 
h ig h e r  r i s k  o f  c o n ta m in a t io n  o f  th e  egg c o n te n ts  w i th  
i n f e c t e d  wash w a t e r ,  and g r e a t e r  damage t o  t h e  c u t i c l e  i f  
t h i s  t a k e s  p la c e  (Sparks  1 9 9 2 ) .  The p r a c t i c e  o f  r e p e a t  
washing should t h e r e f o r e  be d is c o u ra g e d .  Moreover i t  has 
been dem onstra ted in  t h i s  t h e s i s  and by C la y  and Board 
( 1 9 9 2 )  t h a t  f a e c a l  e x t r a c t  a c c e n tu a te s  th e  growth o f  
b a c t e r i a  t h a t  c o n ta m in a te  th e  s h e l l  membranes.
From th e  L i t e r a t u r e  Review i t  was e v i d e n t  t h a t  the  
course o f  i n f e c t i o n  o f  an egg contam ina ted  v i a  th e  t r a n s -  
s h e l l  r o u te  o r  o v i d u c a l l y  i s  s i m i l a r .  Indeed th e  la g  o f  
10-20  days between i n f e c t i o n  and gross c o n ta m in a t io n  
needs to  be s t re s s e d  ( T a b l e  6 ) .  T h is  p r e s e n t  s tudy  was
in te n d e d  t o  i d e n t i f y  more p r e c i s e l y  th e  e v e n ts  which  
f o l l o w  i n i t i a l  c o n ta m in a t io n  o f  th e  s h e l l  membranes o r  
album en.
A l l  work w i t h  eggs in o c u la t e d  a r t i f i c i a l l y  w i t h  
s a lm o n e l la s  i n d i c a t e d  t h a t  th e  course  o f  i n f e c t i o n  was 
th e  same as t h a t  in  eggs i n f e c t e d  w i t h  r o t  p rod uc ing  
b a c t e r i a  (Board 1964.). The major  d i f f e r e n c e  was t h a t  
growth o f  S . e n t e r i t i d i s  in  whole eggs does n o t  change th e  
appearance o f  t h e  egg c o n te n ts  (C la y  and Board 1 9 9 1 ) .
The course  o f  th e  i n f e c t i o n  w i t h  r o t  p rod uc ing  b a c t e r i a  
has been s t u d i e d  over  many y e a r s .  The s t u d i e s  have le d  
t o  t h e  i d e n t i f i c a t i o n  o f  s e v e r a l  s ta g e s  in  t h e  i n f e c t i o n  
process  (Board and F u l l e r  1 9 7 4 ) .
The f i r s t  o f  these  s ta g e s  in v o lv e s  t h e  c o n ta m in a t io n  
and p e n e t r a t i o n  o f  th e  s h e l l .  T h is  a s p e c t  was n o t  
s t u d i e d  in  t h i s  t h e s i s .  The second i s  th e  c o l o n i z a t i o n  
o f  th e  s h e l l  membranes. G i l l e s p i e  and S c o t t  (1 9 5 0 )  
observed a l o c a l i z e d  s p o t  o f  p igment a t  one p o i n t  o f  t h e  
s h e l l  membrane in  eggs i n f e c t e d  w i t h  pseudomonads, and 
presumed t h a t  t h i s  was t h e  s i t e  o f  p e n e t r a t i o n  o f  t h e  
s h e l l .  Board and F u l l e r  ( 1 9 7 4 )  s t a t e  t h a t  organisms  
p e r s i s t  on th e  s h e l l  membrane u n t i l  some e v e n t  induces  
t h e i r  g row th .  U n t i l  r e c e n t l y  t h e r e  was g e n e r a l  agreement  
based on c i r c u m s t a n t i a l  e v id e n c e  coming from th e  many 
s t u d i e s  o f  i n f e c t i o n  o f  eggs w i t h  r o t  p ro d u c in g  b a c t e r i a  
(Board 1 9 6 6 ) ,  t h a t  r a p id  m u l t i p l i c a t i o n  occurs  when 
organisms a c q u i r e  e s s e n t i a l  n u t r i e n t s  on making c o n t a c t  
w i t h  t h e  s u r f a c e  o f  th e  y o lk  (Board 1 9 6 4 ) .  C o n ta c t  w i t h  
th e  y o lk  may r e s u l t  f rom th e  l a t t e r  f l o a t i n g  upwards in
th e  albumen towards th e  a i r  c e l l  and i n f e c t e d  s h e l l  
membranes. T h is  r i s e  i s  due t o  th e  up take  o f  w a te r  by 
th e  y o lk  and th e  breakdown in  s t r u c t u r e  o f  th e  albuminous  
sac as th e  egg ages. A l t e r n a t i v e l y  c o n t a c t  may be by 
"chance''  c o l l i s i o n  o f  a c o n ta m in a n t  w i t h  t h e  y o l k .  The 
r e s u l t s  p re s e n te d  in  t h i s  s tudy  i n d i c a t e  t h a t  th e  l a t t e r  
may be a s s o c ia t e d  w i th  a c h e m o ta c t ic  response.
These s t u d i e s  have shown t h a t  organisms in o c u la t e d  
onto  th e  a i r  c e l l  membrane remain q u ie s c e n t  and those  
t h a t  invade  th e  albumen do no t  p r o l i f e r a t e  in  t h e  absence  
o f  th e  y o lk  ( F i g u r e  3 4 ) .  Indeed t h e  s tu d y  o f  many 
s e ro ty p e s  and phage ty p e s  o f  S a l m o n e l l a  ( T a b l e  10)  
showed t h a t  f a i l u r e  t o  grow in  albumen was a f e a t u r e  o f  
th e  m a j o r i t y  o f  those  t e s t e d .  Gross c o n ta m in a t io n  o f  th e  
egg c o n te n ts  occurs  when t h e  y o lk  i s  p r e s e n t  ( F i g u r e  3 5 ) .  
T h is  was dem onstra ted  w i t h  t h e  use o f  e x c is e d  a i r  c e l l  
membranes in o c u la t e d  w i t h  S . e n t e r i t i d i s  suspended in  
albumen a lo n e  o r  th e  albumen o f  whole eggs,  both h e ld  in  
s t e r i l e  c o n t a i n e r s .  I f  th e  membrane f l o a t e d  on to  and 
lodged on th e  y o lk  as t h e  albumen aged, t h e  o n s e t  o f  
gross c o n ta m in a t io n  was much f a s t e r  th a n  was th e  case  
when th e  membrane remained a t  some d i s t a n c e  from th e  
y o l k .  These e v en ts  a re  comparable  t o  th o s e  o c c u r r in g  in  
whole eggs in  which th e  y o lk  r i s e s  tow ards  i n f e c t e d  s h e l l  
membranes ( C la y  and Board 1 9 9 1 ) .
My r e s u l t s  sup p o r t  e x i s t i n g  e v id e n c e  on th e  
a n t i m i c r o b i a l  p r o p e r t i e s  o f  o v o t r a n s f e r r i n . F e r r i c  
ammonium c i t r a t e  overcame th e  a n t i m i c r o b i a l  p r o p e r t i e s  
f o r  a l l  26 S a l m o n e l l a  s e r o ty p e s  and phage ty p e s  used in
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t h i s  s tu d y ,  p r o v id in g  in c u b a t io n  was a t  20 o r  30°C.  I t  
has been shown r e p e a t e d l y  (see  r e v ie w  by T r a n t e r  and 
Board 1982) t h a t  th e  b a c t e r i o s t a t i c  a c t i o n  o f  albumen 
a g a in s t  Gram n e g a t iv e  b a c t e r i a  i s  negated by th e  a d d i t i o n
qj.
o f  a combined n i t r o g e n  and Fe source  in  s u f f i c i e n t  
c o n c e n t r a t io n s  t o  s a t u r a t e  o v o t r a n s f e r r i n . In  such 
e x p e r im e n ts  th e  supplements were added b e fo r e  o r  
im m e d ia te ly  f o l l o w i n g  i n o c u l a t i o n  o f  th e  albumen. In  t h e  
p re s e n t  s tudy  b a c t e r i o s t a s i s  was r e le a s e d  by supplements  
added on th e  4 2 nc* day o f  in c u b a t i o n .
G i l l e s p i e  and S c o t t  ( 1 9 5 0 )  observed a small b r i g h t  
green patch  in  th e  albumen o f  eggs i n f e c t e d  w i th  
pseudomonads. T h is  th e y  a t t r i b u t e d  t o  th e  s i t e  o f  
i n i t i a l  growth in  albumen o f  pseudomonads d e r iv e d  from  
th e  s h e l l  membrane. Samples o f  albumen remote from t h i s  
patch were u s u a l l y  s t e r i l e .  They concluded t h a t  from  
t h i s  p o i n t  o f  i n i t i a l  growth gross c o n ta m in a t io n  o f  th e  
egg c o n te n ts  e v e n t u a l l y  o c c u r r e d .  G i l l e s p i e  and S c o t t  
(1 9 5 0 )  observed f l u o r e s c e n t  s po ts  in  broken o u t  eggs.
Such spots  were seen in  s t u d i e s  in  th e  albumen o f  whole  
eggs in o c u la t e d  w i t h  P s . p u t i d a  (Dolman and Board 1 9 9 2 ) .
In  p r a c t i c e  th e y  cou ld  n o t  deduce th e  l o c a t i o n  o f  th e  
spots  in  broken o u t  eggs.  The r e s u l t s  o b ta in e d  w i t h  eggs  
in  square P e t r i  d ish es  le d  me t o  conc lude  t h a t  they  were  
p ro b ab ly  lo c a te d  a lo n g s id e  th e  y o lk  and t h a t  chemotaxis  
may w e l l  have p layed  a r o l e  in  th e  movement o f  b a c t e r i a  
from th e  i n i t i a l  s i t e  o f  i n f e c t i o n  t o  t h e  y o lk  s u r f a c e  
( P l a t e  5 ) .
In  th e  c o n t e x t  o f  th e  m a rk e t in g  o f  t a b l e  eggs th e s e  
o b s e r v a t io n s  g iv e  emphasis t o  t h e  need f o r  th e  r a p id  
movement o f  eggs from th e  fa rm  t o  th e  consumer. Indeed  
i t  i s  e v i d e n t  t h a t  t h e r e  i s  a 10 -day  p e r io d  a t  am bient  
te m p e ra tu r e  d u r in g  which an egg i n f e c t e d  w i t h  s a lm o n e l l a  
i s  l i g h t l y  contam inated  and t h e r e f o r e  o f  minimal r i s k  t o  
th e  average  consumer. T h is  s a f e  p e r io d  cou ld  be ex tended  
by c h i l l  s t o r a g e .
I t  may be i n f e r r e d  from th e  r e s u l t s  d iscussed  t o  
d a te  t h a t  unsupplemented albumen induces a q u ie s c e n t  
s t a t e  in  S . e n t e r i t i d i s .  Moreover  th e  s t u d i e s  w i t h  
s o m n ic e l l s  suggest  t h a t  even th e s e  c e l l s  can m u l t i p l y  
r a p i d l y  once th e  c h e l a t i n g  p o t e n t i a l  o f  o v o t r a n s f e r r i n  i s  
quenched w i t h  Fe3 + . T h is  l a t t e r  s t a t e  in  S . e n t e r i t i d i s  
was noted by Rozak, Grimes & C o lw e l l  ( 1 9 8 4 )  who worked on 
w a te r  con tam ina ted  n a t u r a l l y  w i t h  t h i s  organism .
I t  i s  im p o r ta n t  t o  r e a l i z e  t h a t  organisms in  a hen 
house, a fe e d  m i l l  o r  even w i t h i n  a hen may w e l l  be in  an 
u n fa v o u r a b le  env ironm ent  compared w i t h  t h e  id e a l  
l a b o r a t o r y  c o n d i t io n s  in  which most c u l t u r e s  a re  
m a in ta in e d  b e fo r e  being used in  e x p e r im e n ts  w i t h  eggs.  I
have shown t h a t  organisms in  th e  s o m n ic e l l s  s t a t e  may 
remain v i a b l e  but  n o n - c u l t u r a b l e  f o r  upto  42 days in  
albumen. T h is  s t a t e  p e r s i s t s  u n t i l  th e  a d d i t i o n  o f
n u t r i e n t s  o r ,  perhaps,  c o n t a c t  o f  organisms w i t h  th e  y o lk
induces m u l t i p l i c a t i o n .  I f  i n f e c t i o n  o f  eggs w i t h  
s o m n ic e l l s  o f  S a l m on e l l a  were t o  occur  in  th e  p o u l t r y  
i n d u s t r y ,  then th e  u t i l i t y  o f  a s se s s in g  th e  s t a t u s  o f
l a y in g  hens by sampling eggs f o r  Salmonel  la  would be a 
q u e s t io n a b le  approach.
The r e s u l t s  dem onstra ted t h a t  S . e n t e r i t i d i s  remained  
m o t i l e  in  albumen f o r  an a p p r e c i a b l e  p e r io d  o f  t im e  
(T a b le  1 1 ) ,  t h i s  p ro v id e s  e v id e n c e  o f  th e  p o t e n t i a l  o f  
chemotaxis  t o  i n f l u e n c e  egg i n f e c t i o n .  I f  a c h e m o ta c t ic  
response i s  in v o lv e d ,  i t  may be induced by substances  
d i f f u s i n g  from th e  y o lk .  Humphrey e t  a l .  ( 1 9 9 1 )  have 
shown t h a t  s a lm o n e l la s  in o c u la t e d  a t  th e  p e r ip h e r y  o f  th e  
albumen or  a t  th e  mid p o i n t  between th e  edge o f  th e  
albumen and y o lk  in  broken o u t  eggs o f  2 - 3  weeks o f  age 
f a i l e d  t o  in c r e a s e  in  numbers d u r in g  5 days o f  in c u b a t io n  
a t  am bient  t e m p e r a tu r e .  I n  most in s ta n c e s  thos e  p laced  
n e x t  t o  th e  y o lk  membrane remained in  th e  la g  phase f o r  2
O  Q
days b e fo r e  i n c r e a s in g  from 1 0 - 1 0  organisms p er  egg 
d u r in g  th e  2 -4  day p e r io d  o f  i n c u b a t i o n .  They deduced 
t h a t  s t o r a g e  changed th e  p r o p e r t i e s  o f  t h e  y o lk  membrane 
( v i t e l l i n e  membrane ?) such t h a t  " n u t r i e n t s  o r  some 
f a c t o r s  which negated th e  i n h i b i t o r y  p r o p e r t i e s  o f  th e  
albumen" accumulated around t h e  y o lk  and " r e a c h (e d )  a 
s u f f i c i e n t l y  h igh  c o n c e n t r a t i o n  t o  p e r m i t  . . .  g ro w th " .
In  th e  a p p a ra tu s  i l l u s t r a t e d  in  F ig u r e  32 ( P l a t e s  1 - 3 ) ,  
i t  was dem onstra ted t h a t  th e  p o p u la t i o n  s i z e  in c r e a s e d ,  -  
as i n d i c a t e d  by c lo u d in g  -  o n ly  in  th e  presence o f  th e  
y o lk .  In  i t s  absence no c lo u d in g  was observed .  L ik e w is e  
w i t h  P s . p u t i d a  th e  i n i t i a l  c lo u d in g  was a s s o c ia te d  w i th  
albumen a d ja c e n t  t o  th e  y o l k .  Many s t u d i e s  have shown 
t h a t  some - e g .  e l a s t i c i t y - ,  b u t  no t  a l l  o f  th e  p h y s ic a l  
a t t r i b u t e s  - e g .  th e  semipermeable  p r o p e r t y -  o f  th e
v i t e l l i n e  membrane change w i t h  t im e  (Fromm 1 9 6 7 ) .  In  th e  
egg a t  o v i p o s i t i o n  t h i s  membrane s e p a r a t e s  th e  y o lk  
( f r e e z i n g  p o i n t  - 0 . 5 7  °C )  from albumen ( f r e e z i n g  p o i n t  -  
0 .4 2  ° C ) ,  a f u n c t i o n  t h a t  i s  usurped by t h e  y o lk  sac 
membrane d u r in g  e a r l y  em bryogenesis .  As th e  d i f f e r e n c e  
in  f r e e z i n g  p o in t s  equa tes  t o  a d i f f e r e n c e  in  osmotic  
p re s su re  o f  about 1 .8  atm, one m igh t  e x p e c t  a r a p id  f lo w  
o f  w a te r  from th e  albumen t o  th e  y o l k .  In  p r a c t i c e  t h i s  
i s  p re v en ted  by th e  complex p h y s ic a l  s t r u c t u r e  o f  th e  
y o lk  emuls ion ( B u r le y  and Vadehra 1 9 8 9 ) .  W ith  f e r t i l e  
eggs in cu bated  f o r  8 hours a t  3 7 .5  °C ,  th e  glucose  
c o n te n t  (>50mM) in  th e  albumen im m e d ia te ly  s u r round ing  
th e  y o lk  was g r e a t e r  than  t h a t  e ls e w h e re  in  th e  albumen 
or  y o lk  ( G a r c ia  e t  a l . 1 9 8 3 ) .  The r e v e r s e  s i t u a t i o n  
o b ta in e d  w i th  amino a c id s  (Pons e t  a l .  1 9 8 5 ) .  T h e i r  
c o n c e n t r a t io n  th r o u g h o u t  th e  y o lk  (>30mM Kg) was 
c o n s id e r a b ly  g r e a t e r  than  th e  peak c o n c e n t r a t i o n  (<10mM 
Kg) which aga in  o c c u r re d  in  th e  w h i t e  a d ja c e n t  t o  th e  
y o l k .  Ducay e t  a l .  ( 1 9 6 0 )  recorded d i f f e r e n c e s  o f  t h i s  
magnitude o f  amino a c id s  in  i n f e r t i l e  eggs on th e  day o f  
l a y .  They noted a ls o  t h a t  t h e r e  was a v e ry  small bu t  
p r o g r e s s iv e  in c r e a s e  in  th e  c o n c e n t r a t i o n  o f  th e s e  a c id s  
( 0 . 4 2  t o  1.34mM amino a c id  CC^/ml albumen) d u r in g  th e  
s to r a g e  o f  eggs f o r  20 days a t  25 °C .  Pons e t  a l .  ( 1 9 8 5 )  
demonstrated t h a t  amino a c id s  were bound t o  albumen 
p r o t e i n s .  Thus, t h e i r  c o n c e n t r a t io n  in  th e  albumen 
surro u n d in g  th e  y o lk  would be e xpected  t o  in c r e a s e  
d i s p r o p o r t i o n a t e l y  as a consequence o f  d i f f u s s i o n .  T h is  
f e a t u r e  o b v io u s ly  needs f u r t h e r  a t t e n t i o n  in  v iew o f  th e
c o n t e n t io n s  o f  Humphrey e t  a l ,  ( 1 9 9 1 ) .  T h e i r  a s s e r t i o n  
t h a t  "some f a c t o r s  . . .  negate  th e  i n h i b i t o r y  p r o p e r t i e s  
o f  albumen" cou ld  be ta k e n  t o  mean t h a t  Fe3+ d i f f u s e s  
f rom th e  y o l k .  Many s t u d i e s  (e g .  T r a n t e r  and Board 1932)  
have shown t h a t  i r o n  i s  an e s s e n t i a l  supplement i f  l a r g e  
b a c t e r i a l  p o p u la t io n s  a r e  t o  deve lop  in  albumen in v i t r o  
and t h a t  combined n i t r o g e n ,  whether  o r g a n ic  o r  in o r g a n ic ,  
makes a p a l t r y  c o n t r i b u t i o n .  T h is  was c o n f i rm e d  in  the  
study  o f  th e  i n f l u e n c e  o f  v a r io u s  supplements on 
S . e n t e r i t i d i s  in  albumen in v i t r o .  The outw ard d i f f u s i o n  
o f  i r o n  has a t t r a c t e d  l i t t l e  a t t e n t i o n .  C i r c u m s t a n t i a l  
e v id e n c e  suggests  t h a t  i t  i s  p rob ab ly  o f  n e g l i g i b l e  
im p o r ta n c e .  Thus th e  g re e n is h  c o lo u r  caused by the  
r e a c t i o n  o f  Fe3+ and s u lp h u r  compounds i s  c o n f in e d  t o  th e  
s u r f a c e  o f  th e  y o lk  o f  o ld  eggs t h a t  have been hard  
b o i l e d  ( T i n k l e r  and Soar 1 9 2 0 ) .  Indeed S c h a ib le  e t  a l . 
(1 9 4 4 )  found t h a t  th e  i r o n  c o n c e n t r a t io n  o f  albumen 
in c re a s e d  t o  a l i m i t e d  e x t e n t  o n ly  ( f ro m  74 t o  118 
m ic ro g ra m s /1 00 g albumen) in  eggs s to r e d  a t  c h i l l  
te m p e ra tu r e s  f o r  7 . 5  months. Copious a c c u m u la t io n  o f
q j.
Fe in  th e  albumen w i t h  th e  development o f  a pronounced  
amber c o lo u r  does n o t  occur  un less  t h e  complex s t r u c t u r e  
o f  t h e  y o lk  noted above i s  damaged as happens when y o lk s  
a r e  f r o z e n  a t  t e m p e ra tu r e s  above - 6  °C .
Rapid i r o n  m i g r a t i o n  from th e  y o lk  i s  a f e a t u r e  o f  
eggs l a i d  by hens r e c e i v i n g  d i e t s  c o n t a i n i n g  im p ro p e r ly  
pre p a red  c o t to n  seed meal o r  mallow seeds (Shenstone  
1 9 6 8 ) .  In  t h i s  case one o r  o t h e r  o f  2 f a t t y  a c id s ,  
m a l v a l i c  and s t e r c u l i c ,  c o n t a in in g  a c y c l i c  propene group
have been a s s o c ia te d  w i t h  changes in  y o lk  s t r u c t u r e  and 
r a p id  i r o n  m i g r a t i o n .  I t  needs t o  be s t r e s s e d  t h a t  
m ig r a t io n  i s  so r a p id  t h a t  "p ink  w h i te s "  d eve lop  and eggs 
w i t h  such f a u l t s  a re  e a s i l y  s p o t t e d .  Consequent ly  f e e d -  
induced changes in  th e  r a t e  o f  i r o n  m ig r a t io n  from the  
y o lk  i s  u n l i k e l y  t o  have impinged upon th e  work o f  
Humphrey e t  a l . ( 1 9 9 1 )  o r  t h a t  d iscussed in  t h i s  r e p o r t .  
I n  v iew o f  these  o b s e r v a t io n s  i t  would seem reas on ab le  to  
invoke a c h e m o ta c t ic  response when d is c u s s in g  th e  r e s u l t s  
o b ta in e d  by Humphrey e t  a l . ( 1 9 9 1 ) .
When one c o n s id e rs  th e  v a s t  numbers o f  eggs produced  
(30  m i l l i o n  eggs consumed/day in  th e  UK -  N or th  and 
Gorman 1991) th e r e  would appear  to  be l i t t l e  hope o f  
c o m p le te ly  p r e v e n t in g  egg t r a n s m i s s i o n .  I t  i s  t h e r e f o r e  
th e  o b l i g a t i o n  o f  egg m a rk e t in g  companies t o  c o n t r o l  the  
spread o f  th e  organism in  eggs by e n s u r in g  th e  r a p id  use 
o f  th e  p rod uct  -  e s p e c i a l l y  in  superm arkets  where eggs 
may remain in  th e  food c h a in  f o r  upto 5 -6  weeks. Eggs 
must a ls o  be s to r e d  a t  c h i l l  t e m p e r a t u r e s , t o  p r e v e n t  the  
growth o f  c o n ta m in a t in g  organism s. L a s t l y  i f  c le a n in g  
methods a re  used, i t  must be ensured t h a t  th e y  a re  
c a r r i e d  o u t  c o r r e c t l y .  T h a t  i s  th e  in c id e n c e  o f  egg 
i n f e c t i o n  must not  be in c re a s e d  o r  growth o f  
c o n ta m in a t in g  organisms induced -  f o r  example th e  washing  
o f  eggs in  i r o n  o r  fa e c e s  contam inated  w a t e r .
i g u r e  39. L o n g i t u d i n a l l y  I n t e g r a t e d  S a f e t y  A ssu rance  (L IS A )
- H i g h  q u a l i ty  w a t e r  
- R e g u l a r  t e s t i n g
- E d u c a t i o n  
- L i m i t e d  a c c e s s
FEEDSTUFFS 
- P a s t e u r i  z a t io n  
-S up p lem en ta t ion  
w i th  a c id  
- P r o t e c t i o n  from  
re c o n ta m in a t io n
- B i r d  s e l e c t i o n  f o r  q u a l i t y  
o f  albuminous sac and c u t i c l e  
- A n t i b i o t i c  therapy  
-Nurmi concept  
- I s o l a t i o n  o f  s tock u n t i l  
freedom from s a lm o n e l las  
e s t a b l is h e d  (1 0 0 *  c lo a c a !  swabs )
-Good b u i l d i n g  m a te r ia l  and design E99
-W e l l  produced equipment F u m ig a t io n /H a te  e y
- A p p r o p r ia t e  s toc k ing  d e n s i ty  Washing .
- I s o l a t i o n  proceedures to  keep out  vermin " Rapid movement
-R e g u la r  t e s t i n g  o f  the  environment producer to  consumer
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APPENDIX 1
P h e n a n t h r o l in e  method f o r  i r o n  d e t e r m i n a t io n
1 ) .  Stock i r o n  s o l u t i o n  -  m l /L  
C o n c e n t ra te d  H2SO4 20
H20 50
Fe(NH4 ) 2 (S 0 4 ) . 6 H 20 1 .4 0 4
Add KMN04 d rop w ise  u n t i l  a f a i n t  p in k  c o lo u r  d e v e lo p s .  
D i l u t e  t o  1 1 .
2 ) .  H yd ro x y lam ine  H y d r o c h lo r id e  s o l u t i o n
10g in  100ml H20
3 ) .  Sodium A c e t a t e  s o l u t i o n
25g in  100ml H20
4 ) .  P h e n t h r o l i n e  s o l u t i o n
100mg in  100ml H20
5 ) .  Ammonium a c e t a t e  b u f f e r  s o l u t i o n
Ammonium a c e t a t e  50g
H20 30ml
G l a c i a l  A c e t i c  a c i d  140ml
6 ) .  P h e n a n t h r o l in e  Monohydrate  s o l u t i o n
100mg in  100ml H20  
2 drops o f  c o n c e n t r a te d  HC1 
NB A l l  H20 used i s  d e - i o n i s e d .
Hanks B alance  S a l t s  S o l u t i o n  ( g / 1 )
NaCl 8 . 0
KC1 0 . 4
Na2P04 0 .0 9
KH2P04 0 .0 6
MgS04 .7H 20 0 .1
C aC l2 0 . 1 4
G1ucose 1 . 0
NaHC03 0 .3 5
Phenol red 0.1
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SUMMARY
A  study was made of the persistence of different Salmonella  serotypes in hens’ 
egg albumen in  v itro  a t 4, 20 and 30 °C. The m ajority  of serotypes remained viable 
but did not increase in numbers at 20 and 30 °C for 42 days. A t 4 °C many of the 
serotypes died out.
The addition of ferric ammonium citrate on the 42nd day of incubation induced 
m ultiplication of organisms incubated at 20 and 30 °C, but not at 4 °C. The p H  
and glucose concentration of the albumen diminished only when heavy growth 
occurred.
Salmonella enteritid is  remained viable on the air cell membrane in  v itro  for 17 
days at 4, 20 and 30 °C. T h irty  percent of the organisms also remained motile in 
albumen for 42 days at 25 °C and up to 5 %  of the cells remained motile for up to 
20 days at 4 °C.
INTRODUCTION
Salmonella enteritid is, predom inantly phage type 4 (PT4), has been associated 
w ith  outbreaks of salmonellosis in which eggs and egg products were the vehicles 
of transmission [1]. There are two possible routes of salmonella contamination of 
the egg contents. In  one, contamination occurs before oviposition [2, 3]. The 
incidence is about 0-6%  w ith  naturally  contaminated eggs, the level of 
contamination is low and the albumen is more frequently contaminated than the 
yolk [4]. In  the other, organisms on the shell are translocated along the pore canals 
and lodged on the underlying shell membranes. Translocation may occur during 
egg washing i f  the wash water is cooler than the egg [5-7]. The temperature 
differential causes a slight negative pressure because the reduction in volume of 
the contents is greater than th a t of the shell [5]. This results in a small amount of 
contaminated water being sucked into an egg [5, 8]. In  this instance the cuticle 
enveloping the outer surface of the calcite shell is the main impediment to water 
and bacterial translocation along the pore canals [9]. The im m ature cuticle on eggs 
at or for a few minutes following oviposition appears to be an ineffective barrier 
[9, 10]. Indeed, this m ay well explain the higher incidence of contamination of the 
contents of eggs laid on the floor of poultry houses over those laid in nest boxes 
[11-13]. Such studies have shown tha t a range of organisms gains access to the 
contents of eggs infected in this manner.
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M any factors influence the behaviour of organisms tha t contaminate the shell 
membranes post trans-shell infection [14]. A  recent study [15] showed tha t the 
storage temperature had a profound selective action on the members of a 
consortium of bacteria {Pseudomonas p u tida , Staphylococcus xylosis, Enterococcus 
faecalis, Escherichia coli and Salmonella enteritid is  PT4) seeded on the membranes. 
Pseudomonas p u tid a  became the dominant organism in the shell membranes and 
eventually in the albumen of eggs stored at 4, 15 and 20 °C. In  contrast, Salmonella  
enteritid is  dominated the infection o f both the shell membrane and contents of 
eggs stored at 37 °C. Clay and Board [16] noted that a pure culture of S. enteritid is  
was confined to the shell membranes of eggs stored a t 4 °C. W ith  storage at 
ambient temperature, there was a progressive increase in the number of eggs 
containing >  1-0 x 107 salmonellas per ml of albumen. They surmised that the 
salmonellas retained in the membrane and the in itia l invaders of the albumen did 
not grow because of the antimicrobial properties of the la tter [14, 17] and tha t the 
large populations arose from the growth o f contaminants which made contact w ith  
the yolk. Recently Hum phrey and colleagues [4] concluded tha t contaminants 
which gain access to the albumen surrounding the yolk of eggs stored for 2 -3  
weeks grow on nutrients tha t have diffused from the yolk across the ageing 
vitelline membrane. I t  is evident that further work needs to be done to resolve 
these conflicting interpretations. The present study, which is a prelude to such 
investigations, examines the hypothesis tha t following trans-shell or oviducal 
infection of infertile hens’ eggs the in itia l invaders of the albumen would not 




Eggs (size 4, approx. 58 g) less than 2 days old were purchased from a local 
producer/retailer and stored for less than 2 days before use. Eggs were assumed 
to be salmonella-free at purchase. Eggs from the same source were used in other 
studies in which endogenous salmonellas would have been detected. None was 
found to be contaminated.
Cultures
The sources of the cultures are given in Table 1. These were stored on Dorset egg 
agar (Oxoid L td ) a t 4 °C and subcultured every 3 months. For experimental 
purposes, an overnight culture in nutrient broth (Lab M , incubated at 37 °C) was 
spun down (2000 g for 10 min), washed in saline (Lab M ) and finally resuspended 
in the same medium and diluted such tha t 0-1 ml contained c. 103 organisms.
Persistence experiments
Eggshells were wiped w ith  ethanol (70%  v /v ) ,  cracked and the contents 
collected. Albumen and yolk were harvested and bulked separately. Seventy ml of 
blended albumen were dispensed into sterile containers (250 m l, Sterilin) and 
0*1 m l of a cell suspension added. Duplicate samples were stored at 4, 20 or 30 °C 
and sampled regularly. Ferric ammonium citrate (B D H ) was added (final 
concentration 0-008 m g /m l Fe3+) on the 42nd day.
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Viable counts were obtained by spreading 0 1  ml of an appropriate dilution on 
duplicate plates of Xylose Lysine Decarboxylase agar ( X L D ; Lab M ) w ith  
overnight incubation a t 37 °C. Presumptive salmonella colonies on X L D  were 
confirmed serologically.
In it ia l and final glucose concentrations were determined (Boehringer 
Mannheim). The p H  of the albumen was tested w ith  W hatm an indicator paper 
(range 1-14).
The in vitro  study o f S. enteritidis on the inn e r shell membrane
The air cells of eggs were located by candling. The shell was swabbed w ith  70%  
ethanol, a small hole drilled in the shell a t this site and 0T  ml of a c. 103 cell 
suspension injected onto the air cell membrane. The hole was sealed w ith  paraffin 
wax and the eggs left a t room temperature for c. 3 h. A ll the liquid was absorbed 
into the egg contents w ith in  20 m in of being applied to the shell membrane. 
Eggshells were then wiped w ith  ethanol, cracked, the albumen separated and 
poured into sterile containers (250 m l Sterilin). The inoculated inner membrane of 
the air cell was excised from the shell and placed in the albumen.
The albumen was incubated a t 4, 20 or 30 °C. Duplicate samples were tested for 
the presence of S. enteritid is.
Viable counts of the albumen were obtained on X L D . The membrane was plated  
directly onto X L D .
A  m otility  index of organisms in albumen was obtained by comparing the 
number of motile cells and the number o f non-motile ones. A  m inim um  of 200 cells 
was counted per sample using x 1000 phase contrast microscopy.
RESULTS
The persistence of viable cells in albumen in  v itro  a t 4, 20 or 30 °C was studied 
w ith  13 Salmonella  serotypes and 13 phage types of S. enteritid is  (Table 1). W ith  
the exceptions of S. enteritid is  P T 4  and S. hadar, and both on one occasion only, 
there was a progressive diminution in the viable counts in albumen at 4 °C such 
th a t our method of analysis failed ( <  10 C F U / ml) to isolate organisms on the 
42nd day of incubation. Microscopical examinations, which were done on every 
sampling occasion in one experiment w ith  inoculated albumen at 4 °C, showed 
th a t up to 5 %  of S. enteritid is  remained motile for 9 -20  days. The addition of 
ferric ammonium citrate to albumen on the 42nd day of incubation a t 4 °C did not 
induce m ultiplication of any of the Salmonella  serotypes or phage types.
There was a spectrum of responses among salmonellas stored in unsupplemented 
albumen incubated at 20 or 30 °C. E ight of the 13 phage types of S. enteritid is  
(Table 1) m ultiplied sluggishly (generation time of days) a t one or both of these 
temperatures (Fig. 1). W hen sluggish growth occurred neither the glucose content 
nor the p H  of the albumen changed. I t  is evident from Fig. la  tha t there was a 
very fast rate of growth following the addition of ferric ammonium citrate to 
albumen. W hen suspended in unsupplemented albumen at 25 °C, 3 0%  of S. 
enteritid is  P T 4  cells were motile on the 42nd day of incubation, even though no 
demonstrable growth had occurred. The other phage types of this serotype merely 
persisted or their numbers diminished to undetectable levels in albumen at 20 or 
30 °C. There was no demonstrable change in the glucose content or p H  of the
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Table i . The persistence of Salmonella serotypes in albumen in vitro with
incubation at 4, 20 or 30 °C
Persistence at 
°C Response to Fe3+
Salmonella X A
serotype Source* 4 20 30 4 20 30
enteritidis A2f + + + ng G G
PT 4 A — g g ng G G
PT 4 cured A — + g ng G G
PT 4a B — g (g) ng G G
PT 1 B — g g ng G G
PT 6 B — g (g) ng G G
PT 13a C — g (g) ng G G
PT 21 B — g (g) ng G G
PT 30 B — (g) g ng G G
PT 14b B — (g) (g) ng G G
PT 5 B — (g) (g) ng G G
PT 12 B — (g) + ng G G
PT 8 C — (g) - ng G G
PT 24 B — + + ng G G
PT 23 B — + - ng G G
hadar D2 + + (g) ng G G
— (g) (g) ng G G
worthington D — g (g) ng G G
waycross E - (g) + ng G G
ohio D — (g) + ng G G
brandenberg E - + + ng G G
dublin E — + — ng G G
infantis E - + - ng G G
typhimurium A — + + ng G G
montevideo B — + + ng G G
senftenberg D — + + ng G G
gallinarum F - + — ng G G
pullorum F — — — ng G G
A, Exeter P H I,S; B, CVL (\\^eybridge); C, ex -egg USA; D.
Turkeys; E, Bath University ; F, Bristol University.
t  All experiments done in duplicate, 2 indicates tha t 2 or more trials were conducted.
—, did not persist; + ,  persisted; (g), slight growth, generation time 13-19 days; g, growth, 
generation time 2-12 days; G, generation time 6-12 h.
albumen. Of the other serotypes, only hadar (Fig. lb), worthington, ohio, and 
waycross multiplied in albumen at 20 or 30 °C. Again, however, the growth rate 
was sluggish and the results inconsistent. Thus, for example S. hadar merely 
persisted in two trials and grew in another (Table 1). In the latter instance the 
generation time was very long (>  13 days) such that there was only a 1000-fold 
increase in the population size during 42 days incubation of albumen at 20 °C. It 
only achieved a 100-fold increase at 30 °C.
Seven of the serotypes (brandenberg, dublin, infantis, typhimurium , montevideo, 
senftenberg and gallinarum) persisted but did not grow in albumen at 30 and/or 
20 °C. The number of viable cells of S. pullorum diminished to undetectable levels 
at both of these temperatures.
Every strain of salmonella (Table 1) used in this study formed large populations
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Fig. 1. The persistence of S. en teritid is  (a) and (c), and S. hadar (b) a t 4 °C, —# — ;
20 °C, —H— ; and 30 °C, —*—. Arrow indicates the addition of ferric ammonium 
citrate.
(>  1*0 x 107) at 20 and 30 °C following the addition of ferric ammonium citrate to 
the albumen, e.g. Fig. lc. It needs to be stressed that the generation times 
(<  12 h) in supplemented albumen was very short in contrast to those of S. hadar, 
for example, in unsupplemented albumen. The pH of the albumen changed (pH 9 5
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Table 2. The persistence of Salmonella enteritidis P T  4 in a piece of shell
membrane in albumen in vitro
Persistence at
4 °C 25 °C
Days Membrane Albumen Membrane Albumen
1 +  -  +  -
3 +  — +  —
6 +  +  -
8 +  -  +
10 +  -  +
13 +  -  +  -
15 +  +
17 +  +  -
+ , Organisms grew when membrane was placed on XLD and Nutrient Agar. —, No viable 
organisms grew from 0-1 ml of albumen placed on XLD and Nutrient Agar. The experiments 
were done in duplicate on two occasions.
to 7-0-8‘0) when the populations of salmonellas attained >  107 cells/ml. Likewise 
the concentration of glucose in albumen diminished (50-70%  loss) only when 
heavy growth occurred.
When S. enteritidis in the excised inner membrane of the air cell of eggs was 
suspended in albumen in vitro, it persisted in the membrane for upwards of 17 days 
at 4 and 25 °C. No viable organisms were recovered from the albumen (Table 2).
DISCUSSION
The studies by Clay and Board [16] demonstrated that, following inoculation of 
the inner shell membrane of the air cell with S. enteritidis PT4, there were two 
phases in the infection process of eggs stored at 10 or 25 °C. Persistence of the 
infection in the shell membrane together with contamination of albumen 
underlying the membrane with small numbers of quiescent organisms char­
acterized the first phase. It was followed by rapid growth and gross infection of the 
albumen and yolk. Until recently there was general agreement based on 
circumstantial evidence coming from the many studies of infection of eggs with rot 
producing bacteria [18] that rapid multiplication occurs when organisms acquire 
essential nutrients on making contact with the surface of the yolk [19]. Humphrey 
and colleagues [4] have shown that salmonellas inoculated at the periphery of the 
albumen or at the mid point between the edge of the albumen and yolk in broken 
out eggs of 2-3 weeks of age failed to increase in numbers during 5 days of 
incubation at ambient temperature. In most instances those placed next to the 
yolk membrane remained in the lag phase for 2 days before increasing from 103 to 
109 organisms per egg during the 2-4-day period of incubation. They deduced that 
storage changed the properties of the yolk membrane (vitelline membrane ?) such 
that ‘nutrients or some factors which negated the inhibitory properties of the 
albumen’ accumulated around the yolk and ‘reach(ed) a sufficiently high 
concentration to permit ... g r o w t h F u t u r e  studies will need to address the 
changes occurring in the albumen of stored eggs and correlate these with the switch
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from the quiescent to active growth phase of contaminating organisms. Further, 
such investigation could well aid interpretation of observations made in the 
present study.
W e observed th a t non-proliferating salmonella inoculated into albumen 
remained motile for upwards of 42 days at 25 °C. The experiments w ith  inoculated 
shell membranes suspended in albumen in  v itro  showed tha t the organism in the 
membranes remained viable but none was isolated from the albumen during 17 
days incubation at 4 or 25 °C. These results, which are in accord w ith  previous 
observations [20], lead us to suggest that organisms, particularly those in the 
infected shell membrane, move towards the food store of the yolk because of a 
gradient in the concentration of amino acids in the albumen. They m ultip ly  only 
when contact w ith  the yolk provides other essential nutrients. Since the 
completion o f this study we have obtained further evidence to support this 
hypothesis. These studies also suggested tha t the albumen’s loss of viscosity, 
which occurs w ith  storage, m ay facilitate microbial migration.
The present study has provided additional information on two subfeatures of 
the infection process imm ediately following trans-shell infection. F irstly, Sa l­
monella  serotypes and phage types exhibit a spectrum of response to egg albumen 
in  v itro . I t  is noteworthy tha t among the organisms included in this study, S. 
enteritid is  P T 4  and S. hadar, both of which have been associated w ith  infection of 
poultry and turkey flocks respectively [21], appear to be better adapted than the 
other serotypes in their capacity to remain viable or indeed grow feebly on some 
occasions in albumen a t temperatures conducive to growth. Indeed, about a third  
of the S. enteritid is  cells remained motile in unsupplemented albumen incubated 
at 25 °C for 42 days. The phenotypic attributes associated w ith  this longevity and 
maintenance o f m otility  are not known. I t  would be of interest to establish 
whether or not such attributes are also associated w ith  those which cause S. 
ente ritid is  to be more invasive than other serotypes in young chicks [22].
Secondly, ferric ammonium citrate overcame the antimicrobial properties of the 
albumen for all 26 serotypes and phage types used in this study, providing  
incubation was at 20 or 30 °C. I t  has been shown repeatedly (see review by Tranter 
and Board [17]) th a t the bacteriostatic action of albumen against Gram-negative  
bacteria in general is negated by combined nitrogen and Fe3+ in amounts sufficient 
to saturate ovotransferrin. In  such experiments the supplements were added 
before or im m ediately following inoculation of the albumen. In  the present study 
bacteriostasis was released by supplements added on the 42nd day. I t  m ay be 
inferred, therefore, tha t the unsupplemented albumen induces a quiescent state in 
salmonella. This phenomenon was noted by Rozak, Grimes and Colwell [23] who 
worked on w ater contaminated naturally  w ith  this organism. This novel proposal 
may be linked w ith  the observation [24] tha t the a lka lin ity  (pH  9-6) of the  
albumen induces a marked change in the characteristics, e.g. increased heat 
resistance o f these organisms.
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1. S U M M A R Y
Processes involved in the bacterial infection of 
eggs are reviewed and a simple technique to aid 
studies of the infection is described.
2. IN T R O D U C T IO N
There have been two major phases in the 
studies of microbial infection of hens’ eggs. The 
first (in the years 1930-1960) sought to identify 
factors that caused the addling of stored eggs [1]. 
The second, which began in the mid 1980s, is 
concerned with infection of eggs with Salmonella 
enteritidis. This contribution summarizes the 
major observations made in these studies and 
describes a technique for future work.
3. IN F E C T IO N  O F EGGS
Few, if any, eggs contain microorganisms at 
oviposition [1]. When eggs are infected during
Correspondence to: J. Lock, School of Biological Sciences, The 
University of Bath, Claverton Down, Bath BA2 7AY, UK.
formation the contaminants come from the ovary 
(trans-ovarian infection) or the oviduct (oviducal 
infection) [2]. In the 1930s ovarian infection with 
Salmonella pullorum  or S. gallinarum  caused ver­
tical transmission of disease in poultry flocks 
worldwide [3], The current pandemic [4] of 
human salmonellosis associated with infection of 
eggs and egg products with S. enteritidis has 
revived interest in infection in vivo. Humphrey et 
al. [5] recorded an incidence of about 0.6% infec­
tion of the contents, mainly in the albumen, of 
upwards of 5700 eggs produced by laying flocks 
known to have been infected with S. enteritidis.
Translocation of bacteria across the shell 
(trans-shell infection [2]) is a key stage in the 
addling of eggs [6]. Water, and a temperature 
difference between it and the egg, is a common 
cause of translocation since the contraction of a 
warm egg in,cold water sucks bacteria through 
the pores in the shell. The infection is confined to 
the shell membranes for 10-20 days in eggs stored 
at ambient temperature (e.g. [1]). Confinement is 
followed by the sudden onset of multiplication 
resulting in gross contamination and macroscopic 
changes of egg contents infected with rot-produc­
ing bacteria [6], This sequence of events also 
occurs in eggs deliberately infected with S. enteri-
72
tidis [7], but there are no changes in the appear­
ance of the white or yolk.
The mechanisms that trigger the sudden onset 
of bacterial multiplication have not been defined 
precisely. Gillespie and Scott [1] concluded that 
“the bacteria may begin growth, slowly attack the 
(shell) membranes, and eventually reach the 
white. Once infection has been established in this 
way, subsequent development to a bacterial rot 
takes place relatively quickly”. This latter con­
tention is untenable in view of the many studies 
that have shown that the albumen is a very un­
favourable medium for microbial growth [8,9]. 
Brooks [10] contended that a change in the shell 
membranes rendered these susceptible to bacte­
rial attack — thereby triggering the generalized 
infection — and that such a change “becomes 
more rapid on about the 12th day” of storage of 
eggs at room temperature. He found that storage 
had no demonstrable effect on the ability of 
albumen to support microbial growth. Indeed he 
concluded that the sudden onset of a generalized 
infection could not be attributed to diffusion of 
nutrients from the yolk to the white. Recently it 
was speculated [5] that such diffusion accounted 
for the onset of growth of S. enteritidis in egg 
contents. In practice, little attention has been 
given to the exchange of materials other than 
water between the white and yolk of stored eggs.
Board [6] associated the sudden onset of a 
generalized infection of the contents of eggs with 
rot-producing bacteria with changes in the physi­
cal structure of the albumen and the density of 
the yolk. Loss of viscosity and breakdown of the 
fibrous network of the albuminous sac lead to a 
progressive increase in the mobility of the yolk. 
With storage the yolk absorbs water, becomes 
less dense, floats upwards and makes contact with 
the shell membranes. Such events result in an 
albumen-depleted niche in which organisms grow 
and initiate a generalized infection of the con­
tents of eggs stored at ambient temperature. Sub­
sequent studies [11] with eggs infected with pseu­
domonads and stored at 4°C did not support this 
scenario. Gross infection of the albumen ap­
peared to follow the growth of pseudomonads 
that had made contact with the yolk before the
I A ! B ;c
Fig. 1. Sequence of events leading to generalized infection of 
egg contents with Pseudomonas putida. Contents of a freshly 
laid egg were poured into a square (10 X 10 cm) Petri dish and 
inoculated in the outer thin albumen (asterisk) with pseu­
domonads in a plug of water agar. The numbered arrows refer 
to steps in the infection process (see text for details). A, outer 
thin white; B, albuminous sac; C, inner thin white; D, yolk.
latter had reached the shell membranes. This 
interpretation was examined in the present study.
The shells of freshly laid eggs were wiped with 
70% (v/v) ethanol, broken and the contents 
poured gently into a square (10 X 10 cm) Petri 
dish. Pseudomonas putida in a plug of water agar 
(1.0% w /v) was placed in the thin albumen at the 
edge of the dish (Fig. 1). The dish was incubated 
at 4 or 20°C and examined frequently under UV 
light (350 nm). The following sequence was noted; 
(1) pseudomonads migrated from the water agar 
(sic the shell membranes) into the albumen; some 
progressed as far as the surface of the yolk (Fig. 
1); (2) those that made contact with the yolk 
multiplied and, as judged by the occurrence of 
fluorescent pigment, remained in a confined zone 
for a short while before spreading throughout the 
inner thin white; (3) organisms spread outwards 
from the inner thin white into the albuminous sac 
which became fluorescent; (4) finally, infection 
spread to the outer thin white and the entire
albumen fluoresced. Analogous results were ob­
tained at 4 and 20°C.
These observations demonstrate that the sud­
den development of gross infection of an egg’s 
contents can be triggered by bacteria that make 
contact with the surface of the yolk. They also 
raise questions about the possible role of the 
diffusion of nutrients from the yolk and an organ­
ism’s production of siderophores in the infection 
process. We have evidence (unpublished) that 
salmonellae are attracted towards the yolk. The 
possible involvement of chemotaxis and the oc­
currence of a gradient in nutrients from the yolk 
outwards raises the question: does diffusion es­
tablish such a gradient? Garibaldi [12] claimed 
that organisms formed siderophores when de­
prived of iron through the sequestration of this 
element by ovotransferrin. This view gained no 
support from the work of Tranter and Board [8]. 
The present study has raised this question yet 
again but in a different context. A single fluores­
cent green patch populated with actively motile 
pseudomonads has been observed in the albumen 
taken from eggs, the shell membranes of which 
were deliberately infected with the test organism 
[1,6]. We have seen such patches on many occa­
sions in eggs infected in this manner but have 
been unable to determine the actual location of 
the spot in an egg prior to destructive sampling. 
The present study has demonstrated its associa­
73
tion with the yolk. We speculate that the yolk 
supplies the nutrients, particularly iron, required 
for the formation of this patch of organisms. 
Once established, the organisms obtain iron from 
that present in the albumen through siderophore 
synthesis, such synthesis occurring at the leading 
edge of growth. The simple technique described 
in this article ought to allow investigation of these 
issues.
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